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Studies Relating to the Testing of 
Fy Ash for Use in Concrete 


BY THE PHYSICAL RESEARCH BRANCH 


BUREAU OF PUBLIC ROADS 


LY ASH is a powdery residue resulting 
from the burning of pulverized coal. In 
modern power plants this material is collected 
at the entrance to the stack by electrical or 
mechanical precipitators to prevent pollution 
of the air. Fly ash is usually finer than port- 
land cement and consists mostly of small 
spheres of glassy compounds of complex chem- 
ical composition together with miscellaneous 
materials such as quartz, feldspar, iron oxides, 
and carbon.2 Photomicrographs of two fly 
ashes are shown in figure 1. 

During recent years there has been a grow- 
ing interest by both governmental and indus- 
trial organizations in the use of fly ash as an 
additive to concrete. A number of reports 
have been published which indicate that bene- 
ficial effects may be obtained when fly ash is 
used to replace a portion of either the sand or 
the cement (1, 2, 3, 4)3 In an investigation 
of concrete for the Hungry Horse Dam, 
Blanks (1) reported that fly ash improved the 
workability and decreased the bleeding of 
plastic concrete. The segregation of aggre- 
gates in concrete was also decreased. In the 
hardening concrete it was found that a cement- 
fly ash combination produced less rise in 
temperature than an equal amount of portland 
cement. Other beneficial effects mentioned 
were decreased permeability, better resistance 
to sulfate attack, and reduced expansion re- 
sulting from the reaction between the alkalies 
of the cement and certain types of aggregate. 

Fly ash has been used most extensively in 
mass concrete, particularly large dams, where 
many of the changes it produces in concrete 
are of value. As fly ash is less expensive than 
cement, its use to replace a portion of the 
cement has resulted in significant savings in 
the cost of certain projects. The possibility 
of reducing the cost of concrete for highway 
construction is responsible for much of the cur- 
rent interest by highway agencies in the use of 
fly ash. Interest has also been shown in its 
use at locations where the alkali-aggregate 

reaction is a problem. 
_ Regardless of the primary reason for using 
_ fly ash in concrete, the effect of the admixture 





_ 1! This article was presented at the 59th Annual Meeting 
ofthe American Society for Testing Materials, Atlantic City, 
N. J., June 17-22, 1956. 

2 A discussion of the nature and source of these materials 


_| and the chemical changes that occur during the burning of 
____ the coal is included as Appendix B on p. 140. 


: * Italic numbers in parentheses refer to the list of references 
on p, 141, 


411626—57——_1 


on the strength of the concrete must be con- 
sidered. When fly ash is used to replace a 
portion of the cement, the strength of the re- 
sulting concrete is usually reduced at early 





Ficure 1.—Photomicrographs (X 390) of two samples of fly ash having the following carbon 


Reported! by RUSSELL H. BRINK, Highway Physical Research 
Engineer, and WOODROW J. HALSTEAD, Chemist 


Recent interest in the use of fly ash in concrete for highways has created a 
need for suitable specifications and methods of test for this material when it is 
used to replace part of the cement. The effect of fly ash on the strength of 
portland cement-fly ash mortars is considered to indicate the probable effect 
on the strength of concrete, and is used in this investigation as a criterion for 
evaluating other tests of fly ash. The effect of fly ash on the expansion resulting 
from the alkali-aggregate reaction is also considered. To determine the varia- 
tions in properties which may be expected and the effect of these variations on 
the behavior of the fly ash in mortar, 34 fly ashes from 19 different sources were 
examined. 

The results of the tests indicate generally that the strength developed in 
portland cement-fly ash mortars is related to the carbon content of the fly ash, 
the fineness of fly ash as measured by the amount passing the No. 325 sieve, 
and the water required for mortars containing fly ash as compared with the 
water required for similar mortars without fly ash. No well-defined relation 
between the individual inorganic constituents of the fly ash and the development 
of strength of the mortar was obtained. 

These tests also indicate that the effect on the strength of mortar of replacing 
a portion of the cement with fly ash varies according to the cement used. 

Tests of mortar bars show that fly ash may be used to inhibit the expansion 
resulting from the alkali-aggregate reaction. These tests indicate that the 
amount of fly ash required to reduce expansion below a safe limit varies for 
different fly ashes. 


a 


content: No. 1 (left), 0.2 percent; and No. 15 (right), 5.5 percent. 


ages but with adequate curing it may eventu- 
ally equal or exceed that of concrete without 
fly ash (1, 2). Fly ash contributes to the 
strength of concrete at later ages because it is 








a pozzolanic material. A pozzolan is defined 
in ASTM Standard Definitions of Terms 
Relating to Hydraulic Cement, C 219-55, as 
“‘a siliceous or siliceous and aluminous mate- 
rial, which in itself possesses little or no 
cementitious value but will, in finely divided 
form and in the presence of moisture, chem- 
ically react with calcium hydroxide at ordi- 
nary temperatures to form compounds possess- 
ing cementitious properties.”” The reaction 
between fly ash and the lime released by the 
hydration of cement develops slowly, and a 
minimum of 30 days may be required before 
the strength developed in concrete by this 
reaction will compensate for the initial loss in 
strength resulting from the lower cement 
content. 

Fly ashes from different sources vary 
considerably in both chemical composition 
and physical properties due to differences 
between the coals from which they are derived 
and the conditions of burning. Consequently, 
it is to be expected that their behavior in 
concrete will not be uniform. This investi- 
gation was conducted primarily to study the 
pozzolanic behavior of fly ash as shown by 
its effect on the strength of cement mortar. 
The strengths developed in mortars contain- 
ing fly ash were used to study the relations 
between pozzolanic activity and the various 
chemical and physical properties of fly ash. 
Comparisons were also made between the 
effect of fly ash on the strength of mortar 
and the results of other tests involving reaction 
of fly ash with lime or sodium hydroxide. 

At the time this investigation was under- 
taken, it was generally recognized that finely 
divided, low-carbon fly ashes were useful as 


admixtures to concrete. However, there was 
no general agreement as to the limits which 
should be placed on these properties or the 
extent to which these properties alone could 
be relied upon for selecting fly ashes. It 
was hoped that the information obtained in 
this investigation would provide a suitable 
basis for the selection of fly ashes for use in 
concrete. A study was also made of the 
effectiveness of fly ash in reducing expansion 
resulting from the alkali-aggregate reaction. 
These results were considered separately 
from the general behavior of fly ash as a 
pozzolanic material. 

To have fly ashes with a wide range of 
physical and chemical properties represented 
in this investigation, 34 samples produced by 
12 different concerns at 19 individual plants 
were obtained. Fly ashes from the sources 
represented by samples 1, 3, 5, and 16 had 
been used in concrete with good results, but 
the use or quality of the other samples was 
not known. Four of the samples (1, 3, 14, 
and 29) were also used in an investigation 
in which the effect of fly ash was determined 
directly on concrete specimens. The results 
of that study are reported in a companion 
article. 


Conclusions 


The results of this investigation show that 
many factors affect the development of 
strength in a cement-fly ash mortar as a 
result of pozzolanic action. It was found 


4 Fly ashes 1, 3, 14, and 29 are identified as A, B, X, and Y, 
respectively, in the article Use of fly ash in concrete, which 
appears in this issue. 


Table 1.—Chemical analysis of fly ash samples (oven-dry basis) 
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that this action is influenced not only by 
the character of the fly ash but also by the 
properties of the cement. A general relation 
was found between pozzolanic activity and 
several other properties of fly ash. 

The following general conclusions appear 
to be justified: 


1. The effect on mortar strength of replac- 
ing part of the cement with fly ash varies 
with the cement used. 

2. Compressive strength tests conducted on 
cement-fly ash mortars at various ages and 
with different cement contents indicate that 
ultimately fly ash has the greatest propor- 
tional benefit to lean mixes, even though tests 
at 28 days generally show the reverse to be 
true. 

3. The carbon in fly ash lowers the strength 


of mortar because it increases the amount of ° 


water required to obtain a workable consist- 
ency, and reduces the amount of the poz- 
zolanically active constituents of the fly ash. 
However, only a general relation between 


carbon content and mortar strength was found — 


since other properties of fly ash also affect the 
development of strength of mortar due to 
pozzolanic action. 

4. Specific surface determined by the air 
permeability method is often used as a measure 
of fineness in fly ash specifications. No 
relation was found between the strength of 
cement-fly ash mortars and fineness deter- 
mined by this method. 

5. In general, the strength of cement-fly 
ash mortars varied with the fineness of the fly 
ash as determined with the No. 325 sieve, the 
finer fly ashes being associated with the higher 
strengths, 

6. A general agreement was found between 
the effect of fly ash on the strength of mortar 
and the amount of water required to prepare 
the mortar. If the addition of fly ash re- 
quired an increase in the amount of water 
needed to prepare mortar of a stated con- 
sistency, a decrease in the strength of the 
mortar resulted. 

7. No agreement was found between the 
amount of any single inorganic constituent in 
fly ash and the efficacy of the fly ash as a 
pozzolanic material. 


8. A method involving reaction of silica _ 


with sodium hydroxide has been used with 


some success for determining the quality of 


pozzolanic materials. This test was not 
found suitable for testing fly ash because the 
lime or calcium sulfate present in fly ash pre- 
vented the normal course of the reaction. 

9. A lime absorption test, involving re- 
action of fly ash in a lime solution, gave no 
reliable data for predicting the pozzolanic 
activity of fly ash. 

10. A test for the compressive strength of 
lime-fly ash mortars cured at a temperature of 
130° F. failed to give results agreeing satis- 
factorily with the strengths of cement-fly ash 
mortars. It is possible that changes in the 
details of the lime-fly ash mortar test may 
improve the reliability of the test, and a 
further study of this method is considered 
advisable. 

11. Fly ash will inhibit the volume change 
caused by the alkali-aggregate reaction if 
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tions in the behavior of different fly ashes, the 
Fineness of fly ash samples amount to be used with a reactive combina- 

(ine ee Ee ee tion of materials should be determined by i 

Fly ash Peloton seer wis Ue Se ES Reba oe aaa testing concrete composed of those materials Hil 
number | gravity meability, and the particular fly ash in question. Hii 
specific Amount i 

No: 200 | N 0. 325 | surface pects poallet ii] 

sieve sieve surface than a - 4 iy 

0.03 mm. Chemical and Physical Properties of | 


Fly Ash Samples Hi 


The results of chemical analyses showing » 
the principal constituents of the samples of fly 

ash used in this investigation are given in 

table 1. In recognition of the importance of H 

the carbon content of the fly ash, identifica- | 

ub 
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Table 2.—Specific gravity and fineness of fly ash samples used in sufficient amount. Because of varia- 1 


Percent | Percent | Cm.2/gm. | Cm.2/gm. | Percent 
96. 8 93. 2 3, 075 76 
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tion numbers were assigned to the samples on 
the basis of increasing amounts of carbon. 
The carbon in fly ash represents unburned 
portions of the coal and varies with the condi- 
tions of burning at the plant. Some fly ashes ti 
are produced which contain more carbon than 
any of the samples listed in table 1, but such \ 
materials are not likely to be considered for use 
in concrete. Although the loss on ignition of | 
fly ash is generally considered to be closely 
related to the earbon content, table 1 and fig- 
ure 2 show that the loss can be considerably 
greater in some cases. Of these samples, five 
showed differences equal to or greater than 2.0 
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percent—the greatest difference being 5.0 per- 
cent for sample 30. These large differences 
usually occur when there is an appreciable 
amount of calcium hydroxide or carbonate 
present. At the ignition temperature used, 
600° C., these materials decompose to the | 
oxide and either water or carbon dioxide. As 
the latter two constituents are volatile they 
increase the loss on ignition. Combined 
moisture from other minerals may also increase | 
the loss, | 
It should be noted that the practice of 
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limiting the carbon content by specifying a 
maximum, limit for ignition loss will insure, for 
all practical purposes, that the carbon content 
15 will be less than this limit and sometimes by a 
significant amount. The one exception to 
this general statement is the case of sample 13 
where the carbon content exceeds the loss on 
ignition by 0.1 of a percentage point. This 
(NO.25) O 4 small difference is within the limits of experi- 


| 

i 
(NO. 23) O mental error. } 
| 
i! 






It is possible that some of the samples 
tested contain small amounts of manganese, 
titanium, and possibly phosphorus. The | 
titanium and phosphorus, if present, are in- I 
cluded with the reported percentage of 
alumina (Al,03). When manganese is present, 
most of it is included with the magnesia 
(MgO) and the balance with the lime (CaO). 
This manner of determination and reporting 
follows the usual practice in silicate analysis. 
It is believed that these minor constituents 
have no significance in this investigation. 
Details of the methods followed in making the 
chemical analyses are given on page 139 in 
procedure 1 of Appendix A. 

The specific gravity and fineness for all 
samples of fly ash are given in table 2. Sample 
30 had only 33.1 percent passing the No. 200 
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CARBON —- PERCENT content and loss on ignition for 33 fly ashes. 
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Figure 3.—Grain-diameter accumulation curves for 3 fly ashes. 


sieve, and mortar tests were not made with 
this fly ash. The specific gravities of the fly 
ashes vary from 2.12 to 2.69 and are found to 
bear a general relation to the amounts of iron 
oxide present in the sample—high specific 
gravities being indicative of high iron contents. 

The fineness of the fly ash was determined 
by three methods: wet sieving through the 
Nos. 200 and 325 sieves, air permeability, and 
hydrometer analysis. The amount passing 
the No. 325 sieve was determined in accord- 
ance with the procedure outlined in section 12 
of the test for Fineness of Portland Cement 
by the Turbidimeter, ASTM Designation 
C 115-53. Specific surface by air permea- 
bility was determined by the test for Fineness 
of Portland Cement by Air Permeability 
Apparatus, ASTM Designation C 204-55. 
The weight of sample used in this test was de- 
termined by trial as the weight necessary to 
obtain a hard, firm bed in the permeability 
cell. For many samples it was found neces- 
sary to use a porosity for the test bed of fly 
ash which differed considerably from the 
porosity used in the calibration of the appara- 
tus. Fineness by the hydrometer method 
was determined in accordance with the 
Standard Methods of Mechanical Analysis 
of Soils, AASHO Designation T 88-54, using 
125 ml. of a 0.4N solution of sodium hexameta- 
phosphate as the deflocculating agent. Dis- 
persion cup A shown in figure 3 of the AASHO 
method was used. The initial weight of each 
sample was corrected for the amount of water- 
soluble material present in calculating the 
amount of sample smaller than each size. 

The grain-diameter accumulation curve ob- 
tained by the hydrometer analysis was used 
to calculate the specific surface based on the 
amounts of the sample estimated to have 
average diameters of 0.7, 2, 3, 4, 5, 6, 7, 8, 9, 
12, 20, 30, 40, 50, and 60 microns. The grain- 
diameter accumulation curves for three fly 
ashes are shown in figure 3. The curves for 
the remaining samples used in this investiga- 
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tion lie essentially within the area bounded 
by the curves for fly ashes Nos. 3 and 15, 
which have the highest and lowest specific 
surfaces, respectively, as calculated by this 
method. The curve for sample 28 is included 
to illustrate the discrepancy that is often 
shown between values for specific surface 
obtained by the air permeability and hydrom- 
eter methods. 

The specific surfaces by the air permeability 
method for fly ashes Nos. 3 and 28 were about 
4,300 sq. cm. per gram, which classifies both 
as relatively fine materials. The grain- 
diameter accumulation curves, however, are 
widely different. The specific surfaces for 
these two materials are also quite different 
when determined by the hydrometer method, 
being 5,570 sq. cm. per gram for sample No. 3 
and 1,965 sq. cm. per gram for sample No. 28. 

In table 3, average values for fineness as 
determined by each method are shown for the 
samples of fly ash which have been grouped 
with respect to carbon content. Samples 20, 
27, and 30 are not included as these materials 
were not tested by all three methods for 
fineness. For the samples considered here, 
those with the most carbon were indicated to 
be the finest by the air permeability method. 


Table 3.—Average fineness of fly ash samples 
by groups 


Average fineness values 
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Determinations of fineness by both the No. 
325 sieve and the hydrometer showed, how- 
ever, that the finest fly ashes were those con- 
taining relatively little carbon. 

These data indicate that the determination 
of the fineness of fly ash by the air permeability 
method is likely to furnish misleading informa- 
tion. A possible cause of this can be seen by 
examining the photomicrographs of fly ash in 
figure 1. The transparent, spherical particles 
are composed chiefly of the inorganic por- 
tion of each fly ash. The dark, irregularly] 
shaped particles present in fly ash No. 15 
are composed of carbon and appear to be 
highly porous. It is believed that the results 
of the air permeability method are influenced 
by both the external and internal surfaces of 
particles of carbon. Consequently, an in- 
crease in the carbon content of fly ash may be 
accompanied by an increase in total surface 
area even though the external surface area and 
the actual fineness of the material decrease. 


Compressive Strength Tests of 
Mortar Containing Fly Ash 


The test specimens for determining thelj 
effect of fly ash on the compressive strength of 
mortar were 2-inch cubes, and were made both 
from a control mortar containing no fly ash 
and test mortars in which various amounts o/ 
the same cement were replaced with fly ash or 
a solid volume basis. Each fly ash was used tc 
replace 10, 20, 35, and 50 percent of the 
cement in a 1:2.75 mix by weight using gradec 
Ottawa sand. Control specimens were pre 
pared each day that specimens containing fly 
ash were made. All cement-fly ash combina 
tions were repeated with each of three cements 
the properties of which are given in table 4 

The mixing of the mortars and molding o 
the specimens were performed in accordance 
with the test for Compressive Strength o 
Hydraulic Cement Mortars, ASTM Design 
tion C 109-49. As specified in this procedure 
a uniform consistency of all mortars was mai 
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Table 4.—Properties of cements used in pre- 
'_-:paring mortars containing fly ash 





Ce- Ce- Ce- * 
ment | ment | ment 
B Cc 














A 
Chemical analysis (in per- 
cent): 
Silicon dioxide (SiOg)--___| 21.8 | 22.3 PANS? | 
Aluminum oxide (Alz03)_| 5.7 5.4 6.1 
Ferrie oxide (Fe203)_____- 2.5 2.4 2.8 
Calcium oxide (CaO)_____] 61.9 | 66.1 64.9 
Magnesium oxide (MgO)_| 2.6 1.0 1.2 
Sulfur trioxide (SO3)______ 1.9 te 1.6 
Loss on ignition..________ eal 12 1.2 
Insoluble residue_________ .19 PLO Le 
Sodium oxide (Naz0)____- .33 . 04 bis 
Potassium oxide (K20)__- . 86 15 te, 
Equivalent alkali as 
Nas GEES Soy 2 Eek | . 90 13 60 
Compound composition (in 
percent): 
Tricalcium silicate (C3S)__| 39 55 50 
Dicalcium silicate (C2S)__| 33 22 25 
Tricalecium aluminate 
(CyARhe ee. | 11 10 12 


Physical Properties: 
Fineness (Wagner tur- 
bidimeter)._-. em?/gm_} 1,785 | 1,625 | 1,875 
Normal consistency 
percent__| 24.5 | 25.0 25.5 
Air content of mortar 
do____| 10.0 6.8 7.8 
Compressive strength !: 


7M A ao if epee pis. 1.| 27260 | 2,960 | 4,325 

At 28 days) 2: = do____| 3, 560 | 4,725 | 6,000 
Time of set: 

initials. hours__| 2.6 4.2 4.0 

Binal eee se Os = w-40 6.4 5.1 








1 ASTM Method C 109. 


tained by adjusting the amount of water added 
to each mix. The effect of a particular fly ash 
on the amount of mixing water required can 
be indicated conveniently by calculating the 
ratio of the amount of water required by the 
cement-fly ash mortar to that required by the 
control mortar. This ratio will be referred to 
subsequently as “water requirement ratio.” 
After removal from the molds at an age of 24 
hours, all specimens were stored at 73° F. in 
moist air in tightly covered containers until 
tested at ages of 28, 91, and 365 days. 

The water requirement ratios used for pre- 
paring the mortars containing fly ash are given 
in table 5. The results of the tests for com- 
pressive strength of these mortars are given in 
tables 6-8 (pp. 128-130). For the conveni- 
ence of the reader, the actual average strengths 
obtained in tests of the control mortars (with- 
out fly ash) are given, but the strengths of the 
mortars containing fly ash are reported as 
Tatios (percent) of the strength of the control 
mortar. By this means, direct comparisons 
can be made to study the effect of any variable 
included in these tests. Figures 4 and 5 
show averages of the compressive strength 
Tatios obtained with the three cements for 
each fly ash. 

As shown in tables 6-8 and figures 4-5, an 
increase in age of test is usually accompanied 
by an increase in strength ratio. This is as- 
sumed to indicate that each fly ash tested has 
some pozzolanic properties. The few results 
which do not follow this general trend are 
believed to be instances where the effects of 
pozzolanic action have been overshadowed by 
other experimental variations. 

_ The replacement of part of the cement by 
fly ash usually resulted in some loss of strength 
at an age of 28 days, since at this age sufficient 
‘pozzolanic action had not taken place to com- 
pensate for the reduction in strength caused by 
the use of less cement. This early loss in 
strength became greater as the amount of re- 
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placement of cement by fly ash was increased. 
At greater ages, however, some fly ashes fur- 
nished sufficient pozzolanic activity to over- 
come this early deficiency in strength. The 
general decrease in strength ratio with increase 
in the carbon content of the fly ash is also of 
interest, as well as the individual fly ashes 
which gave results departing from this trend. 


Effect of Richness of Mix 


As shown in tables 6-8, four fly ashes, Nos. 
1, 3, 14, and 29, were tested in 1:2, 1:2.75, 
and 1:3.5 mortars. The average results of 
tests of these mortars obtained with a 35-per- 
cent replacement of the three cements are 
shown in figure 6 (p. 131). For three of the 
four fly ashes, the richest mix showed the least 
reduction in strength ratio at an age of 28 days 
and the leanest mix showed the most. For the 
fourth fly ash, the strength ratios at 28 days 
were practically the same. At an age of 1 
year, however, the leanest mix showed the 
greatest strength ratio for all fly ashes. This 
shows that ultimately fly ash may be of most 
value in the leaner mortars and concretes. 


Similar results have been found with the use 
of various pozzolans in concrete (4). 


Influence of Cement Characteristics 


The characteristics of the cements used had 
a marked effect on the strength ratio of mortar 
containing fly ash. The effect of differences 
in cement is illustrated by the graphs of figure 
7 (p. 131) which show the age-strength rela- 
tions obtained for a 35-percent replacement 
with each of three fly ashes of different carbon 
content and also the average of the strength 
ratios obtained with 33 fly ashes. The use of 
cement A produced appreciably higher strength 
ratios than cement B with all fly ashes. With 
few exceptions, mortars prepared with cement 
C produced strength ratios intermediate be- 
tween those shown for mortars containing 
cements A or B. 

To investigate further the variations in 
strength ratios which might occur because of 
differences in cements, compressive strength 
specimens were prepared with 10 cements 
other than those previously used. In each 
case, a 1:2 mortar was prepared with fly ash 


Table 5.—Water requirement ratio of cement-fly ash mortars 


Water requirement ratio based on control mortar 





















































Fly | - 
ash 10-percent replacement 20-percent replacement 35-percent replacement 50-percent replacement 
num- £1 
ber 
Cement|Cement| Cement | Cement | Cement | Cement | Cement | Cement | Cement | Cement | Cement | Cement 
A B C A B C A B C A B C 
1:2.75 MorTAR 
les § 1 
Pee: Pecks ‘Pot, d Efi PCr. Pet. Pct PCr Pct Pct Pet Dm 
1 96 94 94 93 93 92 90 90 89 86 86 85 
2 100 100 101 97 96 99 92 91 94 88 87 89 
3 6 94 94 93 93 92 90 90 89 87 87 85 
4 103 101 101 97 99 $9 92 97 97 91 96 95 
5 101 100 101 97 97 97 94 94 93 90 91 90 
6 101 101 101 99 99 99 97 100 97 101 101 101 
7 104 103 103 104 103 102 103 101 100 103 103 100 
8 101 101 102 100 101 100 97 99 97 94 94 95 
9 100 101 102 100 101 102 99 100 100 97 99 98 
10 100 99 102 100 100 102 100 101 103 100 101 103 
11 104 103 103 101 104 101 104 101 101 103 101 103 
12 101 100 102 98 100 100 97 99 98 94 97 97 
13 100 100 102 101 103 105 103 104 106 104 109 lil 
14 101 100 100 101 100 100 101 100 100 103 100 101 
15 101 103 103 104 104 105 106 107 106 107 109 109 
16 103 100 101 100 97 99 97 94 96 94 93 94 
17 98 100 101 97 101 100 $7 101 101 97 101 101 
18 102 99 103 102 100 101 102 100 101 102 100 101 
19 98 103 103 98 103 105 98 103 105 102 106 108 
20 100 100 100 98 101 100 98 100 101 98 101 101 
21 102 100 101 106 106 108 112 113 116 118 122 125 
22 102 103 103 103 106 106 108 110 lll 111 113 124 
23 100 101 100 100 103 101 102 106 104 105 109 107 
24 100 100 98 102 103 101 103 104 103 106 106 106 
25 101 101 101 103 104 104 109 109 109 116 115 116 
26 100 103 103 102 107 108 105 109 112 109 113 116 
27 107 107 107 109 109 109 118 118 115 125 125 119 
28 104 104 101 106 104 106 110 109 109 118 115 115 
29 101 101 101 103 103 103 106 103 104 108 106 106 
99 99 99 99 97 97 99 97 99 100 99 
0 He 103 101 104 106 104 109 109 109 113 113 113 
33 101 104 101 106 109 107 113 119 117 122 126 125 
34 109 109 109 118 116 116 125 125 125 134 134 137 
peer leeede ry ell) Ae. ain Pret ites bat Wee le ee ee ee eee eee 
1:2 MorTAR 
97 97 94 93 | 93 89 89 89 84 S+ 85 
3 4 99 99 92 93 94 86 90 92 82 86 87 
14 100 101 100 102 100 100 101 100 100 101 100 100 
29 100 101 100 100 103 101 105 106 104 110 109 107 
1:3.5 MORTAR 
jee) Oeijas ble er eee ree) 
9 97 95 95 93 91 92 91 88 89 88 
3 a oy 96 95 95 93 91 92 91 88 89 87 
14 101 97 100 101 99 100 101 99 100 101 100 100 
29 101 101 101 104 103 103 107 105 104 108 107 105 
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Figure 4.—Development of compressive strength in cement-fly ash mortar (1:2.75 mix, 10- and 20-percent replace- 


No. 3 replacing 50 percent of the cement. 
The cements were selected to provide a wide 
range in alkali content, tricalcium silicate con- 
tent, and mortar strength. Cements A, B, 
and C also varied considerably in these prop- 
erties. The results obtained with the 10 ce- 
ments are shown in table 9 (p. 132). As in 
the previous tests, a wide range in compres- 
sive strength ratios was found for the single 
fly ash used. 

The samples of cement in this table have 
been separated into three groups on the basis 
of their alkali content. As shown in figure 8 
(p. 132) the rate of gain in strength ratio for 
the groups of mortars prepared with high, 
medium, and low alkali cements was influ- 
enced by the alkali content of the cements. 
The mortars prepared with high alkali cement 
reached maximum strength ratios at some age 
between 28 and 91 days. Those prepared 
with medium alkali cement required about 
91 days to gain a maximum strength ratio. 
The mortars prepared with the cements of the 
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ment of cement with fly ash). 


low alkali group appeared to be still gaining 
in strength ratio when the test was terminated 
at an age of one year. 

Davis (5) has stated that a larger replace- 
ment of cement by a pozzolan may be made 
when type I or II cement is used than when 
type IV cement is used. Types I and II 
cements contain more tricalcium silicate than 
type IV and should liberate more lime which 
can combine with the pozzolan. To check 
this hypothesis, the data given in table 9 
were rearranged on the basis of the tricalcium 
silicate content of the cements and placed 
in groups in which the average tricalcium 
silicate content of the cement was 31, 45, and 
60 percent. The age-strength data for these 
groups are shown in figure 9 (p. 132). At an 
age of one year, when the strength resulting 
from pozzolanic action would be more fully 
developed for all cements than at early ages, 
the strength ratios of the three groups of ce- 
ment vary directly with the tricalcium silicate 
content. At ages less than one year, no def- 
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inite relation between strength and _ trical- 
cium silicate is apparent. 

The data given in table 9 and figures 8—9 
indicate that the cement used has a marked 
effect on the development of strength from 
pozzolanic action in a cement-fly ash mortar, 
At the earlier ages of test, the alkali in the 
cement appears to accelerate the reactior 
between the cement and the fly ash. This 
agrees with data reported by Alexander (6) 
At the greater ages of test, the type of cement 
or more definitely, the amount of tricalcium 
silicate in the cement appears to govern the 
benefits derived by the addition of fly ask 
to the mortar. 


Pozzolanic Strength Index 


To determine the relations existing betweer 
the strength of cement-fly ash mortars anc 
the properties of fly ash, it was necessary t¢ 
select one standard of comparison for the 
strength of the mortar. The strength ratios 
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Figure 5.—Development of compressive strength in cement-fly ash mortar (1:2.75 mix, 35- and 50-percent replace- 


of mortar obtained at an age of 28 days with 
35-percent replacement of cement by fly ash 
were considered the most suitable for this 
purpose. A large percentage of replacement, 
such as this amount, was found to show the 
effect of different fly ashes on the strength 
of mortar to the most marked extent. A 
35-percent replacement was also desirable as 
it approximated the maximum amount of 
fly ash generally used in concrete. To obtain 
the most dependable value for assessing the 
quality of each fly ash, it appeared desirable 
to average the results for the three cements 
used. The average of the strength ratios 
obtained for each fly ash at an age of 28 days 
with 35-percent replacement of each of the 
three cements will be referred to in the 
remainder of this article as the “pozzolanic 
strength index.” 

The pozzolanic strength indexes of the 33 
fly ashes are plotted in figure 10 (p. 133) to- 
gether with averages of the strength ratios ob- 


tained for the same mortars at 91 and 365 days. 
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ment of cement with fly ash). 


The samples are arranged from left to right in 
decreasing order of their pozzolanic strength 
index. If the average strength ratios for 91 
or 365 days were used for rating the fly ashes, 
it can be seen that the order for each age 
would be somewhat different from that shown. 
However, the 28-day results should have 
most significance regarding the use of fly ash 
in concrete for highways, since this is the 
age at which final strength tests are customar- 
ily made and at which the concrete may be 
placed in service. 

It should be noted, moreover, that a high 
pozzolanic strength index generally indicates 
a continued high level of strength develop- 
ment. To illustrate, the 13 fly ashes having 
pozzolanic strength indexes of 70 or greater 
showed an average increase in strength ratio 
of 33.7 percent from 28 to 365 days, whereas 
the 20 fly ashes having indexes of less than 
70 showed an average increase of only 25.4 
percent during the same period. All of the 
13 fly ashes in the group having the higher 


pozzolanic strength indexes showed increases 
in strength ratio greater than 25.4 percent, 
but only one fly ash of the lower index group 


‘ had an increase in strength ratio of over 33.7 


percent. It appears that there is a marked 
difference in quality between the two groups. 


Relation Between Fineness of Fly 
Ash and Pozzolanic Strength Index 


A high degree of fineness is generally desired 
for any pozzolanic material used as an admix- 
ture in concrete. In this series of tests, the 
fineness of nearly all fly ashes was determined 
by three methods: air permeability, hydrom- 
meter, and wet sieving through the Nos. 200 
and 325 sieves. The results obtained are 
shown in table 2 and are also plotted against 
the pozzolanic strength index in figure 11 
(p. 133). 

No significant relation was found between 
the specific surface as determined by the air 
permeability or hydrometer methods and the 
pozzolanic strength index. Even for fly 
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Table 6.—Compressive strength of cement-fly ash mortars prepared with cement Al 





Compressive strength of 
control mortar (without fly 
ash) 2 
Fly ash number 























28 days | 91 days | 365 days | 28 days | 91 days | 365 days | 28 days | 91 days | 365 days | 28 days | 91 days | 365 days| 28 days | 91 days | 365 days 
1:2.75 MORTAR 
P. 854, Posi Pct. Pet. Pet. eet: Per: Per: Pet. Poel Pet. Per, Pet. Jefe 
3, 840 4, 240 92 94 113 90 100 121 82 101 110 72 90 
4, 440 4, 940 100 98 112 95 104 117 84 100 106 80 94 98 
3, 840 4, 240 97 99 111 98 110 126 97 116 123 95 105 111 
3, 770 4, 440 101 108 118 96 106 119 82 103 112 64 93 90 
3, 630 4,120 112 117 121 102 117 124 102 127 135 93 112 115 
3, 780 4, 290 96 100 101 91 99 113 82 94 103 67 76 79 
3, 770 4, 440 108 115 118 99 116 126 86 112 113 65 89 95 
3, 770 4, 440 107 115 125 101 120 130 96. 126 131 87 114 122 
4, 440 4, 940 97 100 102 86 97 108 76 98 111 62 89 102 
4,120 4, 710 96 99 97 95 99 111 83 99 108 72 82 87 
4,110 4, 400 96 101 110 82 90 105 65 87 103 51 74 87 
4,170 4, 590 94 103 112 88 106 113 83 105 112 67 93 97 
4,120 4,710 95 96 99 75 84 90 64 84 88 45 61 71 
3, 940 4, 550 90 93 99 75 86 94 60 77 89 47 68 77 
4, 440 4, 940 89 93 93 81 89 95 67 80 89 51 68 77 
4,110 4, 400 103 102 112 95 114 127 95 121 138 91 114 124 
3, 830 4, 580 104 113 112 96 107 108 87 Ly, 118 75 97 102 
4, 450 4, 750 95 100 103 90 103 115 86 108 121 64 82 105 
3, 830 4, 580 95 105 98 88 108 108 72 96 100 58 86 96 
4, 450 4, 750 94 101 101 85 96 108 66 81 103 45 63 78 
4, 450 4, 750 78 82 84 72 75 81 53 60 66 30 44 48 
3, 830 4, 580 96 99 99 86 100 105 68 88 95 46 67 73 
4,020 4, 490 88 96 98 75 88 96 54 75 85 42 56 65 
27 OPEB ERT) ee gt SAE 3, 520 3, 830 4, 580 92 100 100 88 101 98 71 96 94 56 81 88 
Qi cet 8; Se 3, 360 3, 780 4, 290 92 93 93 84 90 89 62 74 76 42 52 52 
7. os, Sen SE fe le, pe / 3, 520 3, 830 4, 580 94 108 107 92 109 110 69 93 94 54 81 84 
DT ere te = 3, 000 3, 630 4,120 98 94 97 83 85 89 62 76 82 41 51 52 
eee ee ee ee 3, 440 4,110 4, 400 93 101 111 86 98 105 66 85 95 44 65 81 
D0) Oe ee ee ee ae 3, 330 3, 940 4, 550 84 91 95 73 81 93 60 76 84 46 60 74 
(i) ee SO 3, 520 3, 990 4, 560 108 111 114 91 109 116 80 109 115 70 99 105 
O20. ee Foe ae 3, 520 3, 990 4, 560 95 101 98 78 89 93 64 83 92 39 59 74 
SB .\ Lees fe See ee 3, 520 3, 990 4, 560 94 93 81 91 89 60 76 79 41 56 64 
G4. Fee eo eee 3, 000 3, 630 4,120 93 100 97 85 93 92 67 82 80 44 56 58 
AVeravesj 2. i ee ee up ee Gee 96 101 104 87 99 106 74 94 102 59 78 85 
1:2 MORTAR 
Leese... care 4, 670 5, 340 5, 890 102 102 113 99 108 124 97 115 119 92 104 114 
eee oe 2 EE Bd 4, 560 5, 490 6, 510 102 103 108 103 115 115 109 121 114 114 117 109 
iC ee ol bee SET 4, 960 5, 800 6, 840 96 102 104 80 87 94 63 80 86 54 73 73 
20 Sa Se ee 4, 960 5, 800 6, 840 95 104 102 75 92 100 64 81 91 44 64 75 
Average. 2 tesocs see I a Pe ee ee 99 103 107 89 100 108 83 99 102 76 90 94 
1:3.5 MORTAR 
eo ee ee 2, 540 2, 950 3,170 97 108 117 83 97 124 73 98 121 61 88 103 
ey 5 ae Rt 2, 540 2, 950 3, 170 92 100 113 92 107 133 91 110 136 82 103 117 
if DPA ts See & 2, 540 2, 950 3, 170 88 97 103 78 67 76 57 82 108 42 68 98 
pe eee Os Se 2, 330 2, 920 3, 000 105 106 133 95 97 122 72 85 109 51 61 88 
A VOTAgO: feats eo ee eee A eee 96 103 116 87 92 114 73 94 118 59 80 102 





1 Moist air storage at 73° F. 
2 Each value is an average of three 2-inch cubes. 


Compressive strength ratio of mortars containing fly ash $ 





10-percent replacement 20-percent replacement 




















3 Reported as a percentage of the strength of control mortar. 


ashes having low carbon contents (5.0 percent 
or less), no definite correlation was found 
between strength and specific surface. The 
amount of material passing the No. 325 sieve, 
however, showed a reasonably definite relation 
to the pozzolanic strength index. In view of 
the results obtained with the No. 325 sieve, 
data from the hydrometer determinations were 
used to obtain values for amounts of each 
sample finer than the 0.03, 0.025, 0.02, and 
0.01 mm, sizes. Correlation with the pozzo- 
lanic strength index was found to be best 
when the size finer than 0.03 mm. was used, 
but became poorer with the smaller sizes in 
the group. 


Relation Between Carbon and the 
Pozzolanic Strength Index 


Minnick (7) has shown that the strengths 
of fly ash-cement mortars are adversely 


affected by fly ashes having high carbon 
contents. In general, the data shown in tables 
6-8 support these findings. A similar trend is 
evident in figure 12 (p. 134) in which the rela- 
tion between the pozzolanic strength index 
and carbon content is shown. The scattering 
of points in this figure indicates the effect 
of variables other than carbon. For example, 
fly ashes 21 and 31 appear to have properties 
which cause them to deviate significantly 
from the general trend. The rather low 
strength index value of sample 21 may be 
partly attributed to an unusual coarseness 
of the fly ash and bigh water requirement of 
the mortar prepared with this material. 
Although sample 31 contained 13.6 percent 
carbon, its high fineness and low water 
requirement probably account for the high 
strength index. 

The effect of carbon content on the strength 
of mortar was investigated in a special series 





35-percent replacement 50-percent replacement 




















of tests in which five selected fly ashes having 
carbon contents ranging from 0.2 to 14.3 
percent were tested before and after heating — 
to a temperature of 550° C. This tempera-_ 
ture is considered sufficient to remove all the © 
carbon, and although some oxidation of ferrous : 
iron to the ferric state may have occurred, it 

is believed that the pozzolanie properties 
of the inorganic portion of the fly ash were 
unaltered. " 

Strength tests were conducted on control 
specimens prepared from @ 1: 2.75 mortar and — 
test specimens in which a portion of the 
cement was replaced with fly ash by three 
different methods as follows: 

1. Thirty-five percent of the solid volume 
of cement used in the control mortar was 
replaced by an equal volume of fly ash as 
received. 

2. .Thirty-five percent of the solid volume 
of cement used in the control mortar was 


Se 
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Table 7.—Compressive strength of cement-fly ash mortars prepared with cement B } 


Compressive strength of 
control aan (without fly 


Fly ash number ash) 2 





Compressive strength ratio of mortars containing fly ash 3 


10-percent replacement 20-percent replacement 








35-percent replacement 50-percent replacement 





























28 days | 91 days | 365 days | 28 days | 91 days | 365 days | 28 days | 91 days | 365 days} 28 days | 91 days | 365 days | 28 days | 91 days | 365 days 
1:2.75 MORTAR 
ieee 2} leh ep Peat. Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 

5, 130 6, 260 7, 030 92 9 98 82 93 102 66 84 97 51 75 87 

5, 020 6, 360 6, 560 108 105 113 92 97 107 67 85 97 63 79 87 

5, 130 6, 260 7, 030 95 103 105 93 101 113 75 93 107 69 89 98 

4, 840 6, 000 6, 440 99 93 103 88 95 103 72 89 105 46 63 76 

5, 150 6, 190 6, 780 94 100 108 88 97 113 69 91 111 55 76 98 

5, 560 6, 730 6, 930 83 83 94 70 76 88 54 76 83 35 50 66 

5, 290 6, 240 6, 390 90 92 99 78 88 101 65 84 94 45 67 92 

5, 290 6, 240 6, 390 88 95 104 81 94 107 74 97 121 45 70 102 

4,840 6, 000 6, 440 99 101 105 81 89 104 56 70 92 46 68 87 

4, 840 6, 000 6, 440 105 107 109 87 93 105 66 82 97 46 67 77 

5, 220 6, 410 7,040 83 91 91 67 80 90 48 65 77 33 50 64 

5, 020 6, 360 6, 560 97 99 101 80 82 94 63 78 98 53 72 93 

4, 840 6, 000 6, 440 99 100 101 77 86 94 51 66 76 35 50 60 

4, 930 6, 290 6, 620 92 86 95 75 79 93 55 69 85 36 51 62 

4, 840 6, 000 6, 440 91 98 102 72 81 93 48 63 80 28 40 62 

§, 220 6, 410 7,040 87 95 97 74 86 96 57 78 96 47 72 92 

4,7 5, 540 5, 870 92 100 108 85 101 114 65 86 101 43 64 86 

5, 030 6, 040 6, 540 87 95 100 79 90 104 58 78 95 40 61 82 

4,910 5, 770 6, 260 87 100 104 79 89 95 58 74 86 37 51 71 

4, 760 5, 540 5, 870 86 97 107 75 85 100 54 70 88 38 52 73 

5, 030 6, 040 6, 540 73 81 80 58 67 69 33 45 51 20 33 41 

4, 760 5, 540 5, 870 86 94 103 65 78 91 51 68 85 31 45 66 

4, 840 5, 900 6, 590 89 92 93 68 73 81 47 60 72 29 42 51 

4, 840 5, 900 6, 590 97 93 98 72 90 92 59 73 82 37 51 67 

5, 560 6, 730 6, 930 75 82 72 71 75 80 49 57 65 26 39 49 

4, 840 5, 900 6, 590 94 98 98 76 88 90 54 74 83 37 56 64 

5, 150 6, 190 6, 780 85 78 90 66 71 84 43 56 65 28 40 47 

5, 220 6, 410 7, 040 87 92 97 70 81 85 44 61 69 26 41 55 

4,930 6, 290 6, 620 87 89 100 73 77 91 53 60 75 33 44 57 

5, 220 6, 640 6, 930 92 95 106 77 91 105 60 71 96 37 51 73 

5, 220 6, 640 6, 930 84 85 93 63 72 78 44 57 70 25 36 48 

5, 220 6, 640 6, 930 83 88 93 64 73 79 40 53 61 23 34 44 

5, 150 6, 190 6, 780 92 92 96 68 70 87 41 55 62 28 41 49 

Ee Segoe 28 Sa eee: Sat Pe ee hee ee 90 94 99 76 84 95 56 72 86 39 55 70 

1:2 MORTAR 
i |g oe eee ee ee 8, 440 10, 390 10, 970 87 93 99 82 89 96 70 85 99 60 71 81 
oe ee ee, 8, 560 10, 260 10, 960 94 97 108 87 100 108 82 95 107 76 83 91 
La ee ee 8, 440 10, 390 10, 970 90 91 101 71 82 92 56 64 80 40 49 62 
DOs Se eee 2S 8, 440 10, 390 10, 970 92 93 101 76 80 89 53 60 74 33 43 57 
A VOPag Ope eee eee) ||) Cet |} oe 91 94 102 79 88 96 65 76 90 52 62 73 
1:3.5 MORTAR 

ieee Sa, ae ee PRL a 3, 260 4, 270 4, 500 85 98 113 71 90 103 58 79 100 42 65 94 
es) eee eS es 3, 260 4, 270 4, 500 86 93 107 aa 88 106 63 78 107 52 71 97 
TEINS Oe eee ee 3, 260 4, 270 4, 500 75 84 93 60 70 87 43 60 74 28 44 64 
20 OE eee tS 3, 320 4, 140 4, 540 86 90 96 71 79 90 51 64 78 31 43 53 
ACT OrOO OE ee ee meee iT ee ht 83 91 102 70 82 96 54 70 90 38 56 77 





1 Moist air storage at 73° F. 
_ 32 Bach value is an average of three 2-inch cubes. 
3 Reported as a percentage of strength of control mortar. 


replaced by an equal volume of ignited fly 


ash. This replacement resulted in more 
inorganic material being added to the mix 
than by the first method. 

3. Thirty-five percent of the solid volume 


of cement used in the control mortar was 


replaced by a smaller volume of ignited fly 
ash equal to that of the inorganic portion of 
the fly ash added by the first method. The 
replacement in this case did not result in a 
1:2.75 mix but one in which the cement, sand, 
and inorganic constituents from the fly ash 
were the same as for the mortar in method 1. 

The water requirement and strength ratios 
for this series are shown in table 10 (p. 135). 
The results obtained with fly ash No. 1 were 
essentially the same for the three methods of 
replacement, which indicates that the poz- 
zolanic properties of this fly ash were not 


changed by ignition at 550°C. No effect 


would be expected to result from the removal 
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of the 0.2 percent carbon originally present 
in this sample. An explanation of the 
strength ratios obtained with fly ash No. 7 
is not apparent. 

For the remaining three samples, the 
strength ratios were highest when replacement 
was made by method 2 which provided the 
greatest amount of carbon-free fly ash, and 
lowest by method 1 where carbon was present 
in the fly ash. The direct effect of the carbon 
is found by comparing the results obtained 
by methods 1 and 3 since the amount of the 
inorganic constituent is the same in either case. 
The slightly lower strengths obtained by 
method 1 where carbon was present can be 
attributed to the higher water requirements 
of these mortars. The higher strengths 
obtained by method 2 as compared with 
method 3 must result from the greater quan- 
tity of carbon-free ash added by that method 
since no carbon is present in either case. The 


range in strength ratios at 28 days from 71 to 


‘ 87 percent which was found for the five fly 


ashes tested by method 2 also indicates that 
essential differences exist between the fly 
ashes which cannot be attributed to their 
carbon content. j 

These results indicate that the carbon in 
fly ash has at least two adverse effects on the 
strength of mortar. Some reduction in 
strength occurs as a result of the increased 
water requirement of the mortar caused by 
the presence of carbon. A_ reduction in 
strength also appears to result from the fact 
that the amount of beneficial inorganic 
material added to the mix is reduced by the 
amount of carbon present. 


Relation of Water Requirement to 
Pozzolanic Strength Index 

In the preparation of the mortars for the 

compressive strength tests, it was found that 
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Table 8.—Compressive strength of cement-fly ash mortars prepared with cement C ! 


Compressive strength of 
control mortar (without fly 
ash) 2 








Compressive strength ratio of mortars containing fly ash 3 


























Fly ash number 10-percent replacement 20-percent replacement 35-percent replacement 50-percent replacement 
28 days | 91 days | 365days| 28 days | 91 days | 365 days | 28 days | 91 days | 365 days | 28days | 91 days | 365 days | 28 days | 91 days | 365 days 
1:2.75 MORTAR 
Legit pit) Pret. Pasty Pet; Pct: Pet. Pei: Pet. Pet. che Per. Pet Pct. Jaleo Fe. 
5, 920 6, 240 6, 590 90 96 103 79 89 102 64 87 107 58 79 98 
5, 390 5, 670 6, 070 96 97 101 89 99 108 76 94 106 69 90 104 
5, 920 6, 240 6, 590 92 99 102 89 102 114 76 98 113 70 91 101 
5, 490 5, 870 5, 860 90 96 103 75 87 99 67 82 96 50 68 89 
5, 670 5, 740 5, 770 94 99 114 89 104 119 74 100 117 66 90 13 
5, 250 5, 270 5, 530 92 100 104 81 95 100 61 83 87 48 64 71 
5, 490 5, 870 5, 860 94 100 iil 81 94 105 72 87 102 52 70 88 
5, 490 5, 870 5, 860 101 106 117 89 107 118 83 105 117 62 81 108 
4, 900 5, 420 5, 790 107 104 103 97 106 { 106 77 94 107 53 68 83 
5, 490 5, 870 5, 860 96 104 102 85 95 99 69 85 87 52 74 87 
6, 100 5, 970 6, 190 89 104 109 77 92 102 58 80 89 36 58 79 
5, 390 5, 670 6, 070 98 102 108 93 106 112 73 86 105 59 79 98 
5, 490 5, 870 5, 860 93 96 97 76 79 O65 etek cals © oe a Se IS | eT ee 
4, 900 5, 420 6,700. ee cceczs oo SO. SE ale Fe Ee ee eee ee ee 65 73 82 43 55 68 
5, 440 5, 610 5, 640 90 92 94 79 87 98 59 75 86 43 59 72 
4, 900 5, 420 5, 790 98 95 94 84 92 93 65 75 83 41 54 69 
6, 100 5, 970 6, 190 88 98 102 80 98 108 71 90 106 58 83 108 
5, 080 5, 360 5, 650 104 107 111 92 102 106 80 93 105 57 78 94 
5, 410 5, 220 5, 750 103 107 115 97 112 112 73 98 108 55 76 88 
5, 080 5, 360 5, 650 99 103 103 85 98 102 57 72 81 41 67 77 
5, 410 5, 220 5, 750 93 104 101 82 95 104 60 77 89 42 61 72 
5, 410 5, 220 5, 750 85 95 88 67 79 75 42 58 57 25 38 42 
5, 080 5, 360 5, 650 93 96 99 78 93 97 56 69 80 36 47 63 
5, 570 5, 640 5, 940 87 92 93 67 79 86 49 67 78 31 48 62 
5, 570 5, 640 5, 940 85 90 87 72 82 90 59 74 91 36 57 75 
5, 250 5, 270 5, 580 91 98 95 76 84 83 58 71 75 37 50 55 
5, 080 5, 360 5, 650 92 97 97 77 86 91 57 73 81 37 54 65 
5, 670 5, 740 5, 770 90 96 97 72 “hes 82 49 59 65 38 50 55 
6, 100 5, 970 6, 190 86 95 95 72 85 88 54 69 77 36 54 67 
5, 440 5, 610 5, 640 89 91 109 80 87 101 58 68 85 38 50 67 
Ol Pa eo ewaeat see 5, 540 5, 500 5, 490 98 105 111 79 93 106 65 85 109 48 74 97 
by e e> ae A nen SE 5, 540 5, 500 5, 490 91 97 102 69 78 84 47 63 79 28 42 58 
1 fee Sa Sides le 5, 540 5, 500 5, 490 94 97 102 68 75 75 44 56 64 31 42 50 
eee = & Se eee ey oe 5, 670 5, 740 5, 770 91 100 99 74 84 86 49 61 67 34 46 51 
A VeragGt in 2 2/2 So St eee nt eee ee 93 99 102 80 92 98 63 79 90 46 64 78 
1:2 MORTAR 
| ee <n 8, 680 8, 940 9, 740 84 91 95 80 91 99 70 87 101 60 79 86 
Doe iei= Jctep ees oot oe 7, 490 8, 120 9, 420 100 104 104 99 114 109 92 113 110 85 102 98 
eRe ees 8, 680 8, 940 9, 740 94 101 101 81 93 97 60 76 84 44 61 71 
3 aes PIs & pp 8, 680 8, 940 9, 740 92 98 99 78 88 92 58 71 79 34 48 61 
AV GPAGG) 2e oe cee cook | SoC eof eee ts aed ee ed 92 98 100 84 96 99 70 87 94 56 72 79 
1: 3.5 MORTAR 
Re ee a eee 4,140 4, 050 4, 270 87 103 105 76 98 103 66 90 110 57 80 103 
te ae eS en ee 4, 140 4, 050 4, 270 92 101 105 87 108 116 72 103 125 66 99 119 
1 2: ee <, Se 4, 140 4, 050 4, 270 90 99 96 78 91 99 53 72 87 37 57 80 
[3 ee EE 3, 890 4, 090 4, 160 93 96 98 75 86 90 55 68 80 36 49 65 
mavorage: Saar fe. ote | Sf ee eee ene oe le ee 90 100 101 79 96 102 62 83 100 49 71 92 
1 Moist air storage at 73° F. 
2 Each value is an average of three 2-inch cubes. 
3 Reported as a percentage of the strength of control mortar. 
the amount of water required for uniform of the fly ash, although the departures from table 1. These include alumina, iron oxide, 


consistency of cement-fly ash mortars was 
not constant. The effect of each fly ash on 
the water requirement of a 1:2.75 mortar is 
shown in figure 13, where the samples are 
arranged from left to right in increasing order 
of their carbon content. As stated before, 
the water requirement ratio is the amount of 
water used to prepare a mortar containing fly 
ash expressed as a percentage of the amount 
of water used to prepare the corresponding 
control mortar. The ratios plotted are aver- 
age values for the 35-percent replacement 
mortars prepared with all three cements. 
Some fly ashes which contained very little 
carbon improved the workability of the mortar 
to such an extent that less water was required 
for the mortar containing fly ash than for the 
control mortar. The quantities of water 
required for mortar of uniform consistency 
generally increased with the carbon content 
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this trend indicate that differences in physical 
characteristics also affect the water require- 
ment as would be expected. 

The relation between the pozzolanic strength 
index and the water requirement ratio is 
shown in figure 14, and appears to be some- 
what better than that obtained with either 
carbon content (fig. 12) or fineness as deter- 
mined by the No. 325 sieve (fig. 11). This 
would appear to be logical, since both the 
carbon content and fineness of fly ash tend to 
affect the amount of water needed for a 
uniform consistency of mortar. 


Relation of Chemical Constitution 
to Pozzolanic Strength Index 


The pozzolanic strength indexes were 
plotted against the total amounts of each of 
the inorganic constituents previously given in 


calcium oxide, magnesium oxide, sulfur 
trioxide, alkalies as equivalent sodium oxide, 
and silica. No indication of a definite relation 
was found in any of these plots. Even though 
no relations were found, plots of pozzolanic 
strength index against total alkalies as Na,O 
and silica are shown in figure 15 because of 
the general interest in these constituents. 
Considering the general relation found be- 
tween the alkali content of cement and mortar 
strength ratios at 28 days (table 9), it might 
be thought that the alkalies in the fly ash 
would be a significant factor. Figure 15 shows 
that those fly ashes with the highest alkali 
content had high pozzolanic strength indexes, 
but for most of the materials the strength 
index appears to be independent of the alkali 
content. The silica in fly ash is of interest, 
as it might be expected from the definition of 
a pozzolanic material that this constituent 


February 1957 e PUBLIC ROADS > 





GOMPRESSIVE STRENGTH RATIO, PERCENT 


FLY ASH NO. 14 
ae 
O 200 3 


O 10 0O 


would have some effect on the strength of 
mortar. It is possible that silica may influence 
the strength of mortar to some extent, but 
the scattered pattern obtained in figure 15 
shows that there is no direct relation that 
applies generally to all fly ashes. 





Use of Fly Ash To Prevent Expansion 
by Alkali-Aggregate Reaction 


| A frequent cause of failure in concrete is 
the expansion and cracking that may result 
from the attack of certain reactive siliceous 
‘constituents of the aggregate by the alkalies 
in the cement. It has been found that the 
_ destructive effects of this reaction can be pre- 
| aoe by the addition to the concrete of a 
very finely divided siliceous material which 
is itself reactive with the alkalies in cement. 
| The effectiveness of 17 fly ashes in pre- 
venting or reducing the expansion resulting 
| from the alkali-aggregate reaction was deter- 
| Mined by measuring the change in length of 
a by 1- by 11%-inch mortar bar specimens 
‘Stored in moist air at 100° F. Control speci- 
| Mens were prepared from a basic reactive 
| mortar consisting of a 1:2 mix by weight 
using graded Ottawa sand containing 2 per- 
| cent of reactive opal passing the No. 8 and 
| Tetained on the No. 50 sieve. Each fly ash 
| Was used to replace 10, 20, 35, or 50 percent 
| of the cement on a solid volume basis. In all 
other respects the procedure outlined in the 
test for Potential Alkali Reactivity of Cement- 
Aggregate Combinations (ASTM Designation 
© 227-51 T) was followed. All cement-fly 























| Na,O, respectively. In addition, specimens 
Without opal were prepared with both cements 
and various percentages of each fly ash. 
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Figure 6.—Effect of mix proportions on strength of cement-fly ash mortar with 4 fly ashes 
used as replacement for 35 percent of the cement. 


All specimens prepared either without opal 
or with the low-alkali cement showed expan- 
sions of less than 0.05 percent at an age of 
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one year and are not reported here. The 
expansion of mortars containing opal and pre- 
pared with cement A (0.90 percent alkali) is 
shown in table 11 for ages of one month and 
one year. All specimens prepared with the 
same fly ash were made on the same day with 
a set of control specimens and were stored 
and tested together. Although the different 
sets of control specimens failed to develop the 
same amount of expansion, each set may be 
used to judge the effect of the single fly asb 
to which it applies. 

It is evident that any of the fly ashes tested 
will prevent the expansion caused by the 
alkali-aggregate reaction if sufficient quantity 
is used. At an age of one year, for example, 
replacement of 35 or 50 percent of the cement 
by any of the fly ashes limited the change in 
volume to a2 maximum of 0.04 percent which 
is comparable with that shown by nonreactive 
mortars. All specimens have been measured 
to an age of 2 years, but no significant increase 
in volume has occurred in those having a re- 
placement of 35 or 50 percent fly ash. Al- 
though a replacement of 20 percent of the 
cement by fly ash reduced the expansion at 
one year, it did not reduce it to a safe amount 
in all eases. The reduction effected by a 20- 
percent replacement varied considerably for 
different fly ashes, indicating that they are 
not equally effective in preventing the ex- 
pansion resulting from the alkali-aggregate 
reaction. This difference in effectiveness is 


illustrated in figure 16, p.136. 
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Figure 7.—Effect of cement on strength of cement-fly ash mortar (1:2.75 
mix, 35-percent replacement of cement with fly ash). 
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Figure 8.—Effect of alkali content of cement on strength of 
cement-fly ash mortar (1:2 mix, 50-percent replacement of 


cement with fly ash). 


For the particular reactive mortar used in 
these tests, a 10-percent replacement of 
cement with fly ash did not produce a sub- 
stantial reduction in expansion, and in some 
cases, the change in volume was increased. 
At an age of one year, specimens prepared 
with 7 of the 17 fly ashes in the 10-percent 
replacement group showed more expansion 
than the control specimens. 

It should be emphasized that the mortar 
tests upon which this discussion is based may 
not reflect the actual behavior of materials 
when used in concrete. At the present time, 
tests of mortar bars cannot be relied upon as 
substitutes for tests of concrete specimens to 
determine the amount of a particular fly ash 
which must be used to prevent expansion in a 
reactive concrete. 


Special Chemical Studies 


Since strength tests of mortar are time con- 
suming, there has been considerable interest 
in the development of more rapid tests to 
measure the activity of pozzolans. Most of 
these tests have attempted to measure in some 
way special chemical properties of the pozzo- 
lans alone or the chemical changes occurring 
in mixtures of lime and pozzolans. In their 
paper on determining pozzolanic activity, 
Moran and Gilliland (8) give a summary of 
most of these tests. They point out in sum- 
mation that ‘‘a single short-time test will not 
evaluate pozzolanic activity, particularly 
when any one of several properties may be 
desired in a given material. It appears that 
each material requires rather exhaustive test- 
ing, after which it may be possible to em- 
pirically relate a quick test for control pur- 
poses.’”” The special chemical tests made in 
this investigation were conducted with the 
latter objective in mind. They were under- 
taken to supply a background of information 
for further work so that ultimately it might 
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be possible to establish interrelations between 
various properties and test results which 
would make possible more rapid methods of 
test. 

The special tests conducted on the fly ash 
itself involved chiefly the determination of 
constituents soluble in water or sodium hy- 
droxide, and the changes in solubility resulting 
from reactions of lime and fly ash in the 
presence of water. 

Table 12 shows the amount and calculated 
composition of the water soluble material in 
each of the fly ashes. These data were ob- 
tained by shaking a 5-gram sample of fly ash 
in 100 ml. of distilled water for one hour, 
allowing the mixture to stand 24 hours and 
filtering the supernatant liquid without further 
dilution or washing. The pH of this extract 
was determined and is also recorded in table 
12. 

Chemical analyses were conducted on ali- 


Table 9.—Effect of cement on the compressive strength ratio of cement-fly ash mortar 


Properties of cements 





AGE AT TEST, DAYS (LOG-SCALE) 


Figure 9.—Effect of tricaicium silicate content of cement on 
strength of cement-fly ash mortar (1:2 mix, 50-percent replace- 
ment of cement with fly ash). 
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27 TO 39 (AVG. 31) ° 
42 TO 48 (AVG. 45) + 
52 TO 73 (AVG. 60) 


























quots for the amounts of calcium, sodium, 
potassium, and sulfate. The total amount of 
dissolved material was also determined by 
evaporating the water from an aliquot and 
drying the residue at 110° C. The composition 
of the dissolved salts was calculated by assum- 
ing that all of the sulfate was combined as 
gypsum (CaSQ,-2H,O). The balance of the 
calcium was then calculated as calcium hy- 
droxide (Ca(OH).). The sodium and potass- 
ium were assumed to be present as the hy- 
droxides (NaOH or KOH).: Generally there 
is good agreement between the total amount 
of soluble material and the total amount of 
calculated salts. This is an indication of the 
validity of the assumptions made in calculat- 
ing the composition. 

The pH values of the extracts depend on 
the proportions of water and sample used in 
the test as well as the composition of the dis- 
solved material, and there is no direct relation 


Compressive strength ratio of 1:2 mortars with 
50-percent replacement of cement with fly ash 
No. 3 after— 
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between the quantitative amount of any 
particular constituent and the pH. Generally 
| the values obtained are those to be expected 
from a consideration of the calculated amount 
‘| of calcium hydroxide present. In table 12, 
4 _the pH value is relatively low for those extracts 
, having no calcium hydroxide by calculation 
and high for those extracts in which the cal- 
culated calcium hydroxide is large. For all 
samples that have a calculated lime content 
"| greater than 2.0 percent, the pH of the extract 
| was 12.0 or more. 
The data for the soluble salts in table 12 
| show that essentially all of the extracted water 
| soluble material is either calcium sulfate or 
| calcium hydroxide, the relative amounts of 
| each varying greatly for different fly ashes. 
| These data, however, do not indicate the state 
| in which the soluble materials are present in 
the original fly ash. The calcium sulfate may 
| be present in any of its three forms—anhy- 
| drous, hemihydrate, or dihydrate—depending 
upon the conditions surrounding the fly ash 
| during storage or handling. Likewise the cal- 
. hydroxide may be present as uncombined 
* 























| lime or may have formed from the hydrolysis 
_ of lime-silica complexes after the addition of 


To verify the presence of uncombined lime 
in the fly ash prior to wetting with water, de- 
terminations were made by the alcohol- 
glycerol method, such as is used in the deter- 
Mination of free lime in portland cement 
{ASTM Method C 114-53). The results of 
these tests are given in table 13. This table 
also includes the total amount of calcium that 
is present in the sample and the amount that 

$s water soluble. The part of the water solu- 
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FLY ASH NUMBER 


Figure 10.—Development of compressive strength in cement-fly ash 
mortar (1:2.75 mix, 35-percent replacement of cement with fly ash). 


ble calcium that is calcium hydroxide and the 
part that is calcium sulfate are also given. 
All these results are expressed in terms of an 
equivalent amount of calcium oxide to provide 
a common basis of comparison. It can be 
seen that for most of the samples the deter- 
mined free lime is approximately the same as 
the calculated water soluble calcium hydrox- 


100 
AIR PERMEABILITY METHOD 


ide, thus indicating that the addition of water 
to fly ash does not result in the formation of 
calcium hydroxide by the hydrolysis of lime 
complexes. It will also be noted that a con- 
siderable portion of the calcium is not soluble 
in water, and therefore is probably present as 
a calcium glass. 

The data in table 14 were obtained by mak- 
ing the test for reactivity of pozzolans with 
sodium hydroxide solution as described in 
Appendix A of the report by Moran and Gilli- 
land on determining pozzolanic activity (8). 
This test is an adaptation of a procedure now 
designated as the Tentative Method of Test 
for Potential Reactivity of Aggregates (Chem- 
ical Method), ASTM Designation C 289-54 
T. It involves treatment of the sample with 
1 N. solution of sodium hydroxide in a sealed 
container at 80° C. for a 24-hour period. At 
the end of this period, the solution is filtered 
and the resulting filtrate examined. In the 
tests described by Moran and Gilliland, only 
the reduction in alkalinity (the amount of 
sodium hydroxide consumed by the reactions 
taking place) and the amount of silica dis- 
solved were determined. In this investigation 
the amounts of alumina and sulfate dissolved 
were also determined. 

This test was originally proposed for use on 
calcined shales. For this type of material it 
showed some promise in evaluating the ability 
of the pozzolan to prevent expansion resulting 
from the alkali-aggregate reaction. Conse- 
quently, consideration has been given to its 
application to fly ash. It was found however 
that the presence of calcium sulfate in a fly 
ash affects the results obtained by this test. 
When calcium sulfate dissolves, the calcium 
ion precipitates much of the silica which might 
normally be soluble and remain in solution if 
no calcium were present. The presence of 
dissolved calcium sulfate might also affect the 
reduction in alkalinity by causing a precipita- 
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Figure 11.—Comparison of fineness of fly ash and pozzolanic strength index. 


100 


60 





40 | 


POZZOLANIC STRENGTH INDEX 





20 





@] 5 10 1S 20 
CARBON , PERCENT BY WEIGHT 


Figure 12.—Comparison of carbon content 
of fly ash and pozzolanic strength index, 


tion of calcium hydroxide from solution. The 
data in table 13 illustrate these effects. 

In most cases where the calcium sulfate dis- 
solved is relatively high (as indicated by the 
amount of SO;), the amount of silica dissolved 
is low and the reduction in alkalinity is rela- 
tively high. It appears that the relation be- 
tween soluble silica and reduction in alkalinity 
is controlled by the amount of calcium sulfate 
present as well as by the characteristics of the 
siliceous material. Values for reduction in 
alkalinity and amount of silica dissolved 
which have been found suitable for acceptance 
requirements of other types of pozzolans may 
not be applicable to fly ashes. 

A plot of the pozzolanic strength index 
against the reduction in alkalinity failed to 
show any correlation. An apparent relation 
between the strength developed and the silica 
dissolved is shown in figure 17, but this rela- 
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tion is the inverse of what might normally be 
expected, that is, that larger amounts of dis- 
solved silica would result in greater pozzolanic 
activity. As previously stated, the presence 
of calcium sulfate controls to a considerable 
extent the amount of silica remaining in solu- 
tion. For this reason no particular signifi- 
cance can be attached to this apparent 
relation. 

The amount of Al,O3 dissolved varied from 
0.03 to 0.41 percent, the median being 0.1 per- 
cent. No significance could be attached to 
the variations in these values. 

The data given in tables 15-18 were ob- 
tained by analysis of a slurry of fly ash, lime, 
and water that had been stored in an oven at 
100° F. for periods of 7, 28, and 91 days. The 
procedure used for the preparation and storage 
of the slurries was essentially the same as that 
given for the determination of “available 
alkalies’? in the Tentative Methods of Sam- 
pling and Testing Fly Ash for Use as an Ad- 
mixture in Portland Cement Concrete, ASTM 
Designation C 311-54 T. This test has been 
proposed as a relative measure of the amounts 
of alkalies from the fly ash that are made avail- 
able for reaction with any reactive aggregate 
that may be present in the concrete. For 
this study tests were made on slurries at ages 
of 7 and 91 days as well as the 28 days called 
for in the ASTM method. Some variation in 
technique from the ASTM method was found 
necessary to insure better control of test con- 
ditions; the details of the test procedure used 
for this investigation are given in Appendix A 
(procedure 2). 

Table 15 shows the individual amounts of 
sodium and potassium oxides that were ex- 
tracted with water after each test period and 
the total of these two expressed as an equiva- 
lent amount of sodium oxide. Each result is 
expressed as a percentage of the total amount 
of the constituent present in each fly ash. 
The total amounts of alkalies present in each 
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Figure 13.—Water requirement ratios in cement-fly ash mortar for 33 fly ashe CU: 
35-percent replacement of cement with fly ash). 
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Figure 14.—Comparison of water require-} 


ment ratios of fly ash and pozzolanic 
strength index. 


sample and the alkalies soluble at 28 days} 
expressed as percentages of the original weight} 
of fly ash are also given. These results in- 
variably show considerable increase in the} 
solubility of alkali between 7 and 28 days, 
but the results for the 91-day period differ 
with the samples tested. Some show little 
or no further increase, but others show a 
marked increase in the alkali dissolved. 
This increase was as much as 28 percent of 
the equivalent (total) alkali in the case of 
sample 23. The increase was greater than 
10 percent in 18 of the 34 samples. It is 
evident that storage of lime-fly ash slurry for 
28 days does not yield a result for soluble}. 
alkalies that can be related to the ultimate 
solubility of the alkalies in lime solution. 

In order to obtain additional information 
of the chemical changes taking place in inti- 
mate mixtures of fly ash and lime in the 
presence of water, the residues after the ex- 
traction of the alkalies were digested in dilute 
hydrochloric acid (1:10). The acid solution 
was filtered off and the residue from this 
treatment digested in sodium hydroxide (1 
percent). This was then filtered. Each of 
the filtrates thus obtained was examined fo1 
the amounts of silica, alumina, and iron oxide 
present. The details of the procedure use¢ 
are described in Appendix A (procedure 2), 
These results are shown in tables 16-18 
respectively. 

Because of the exploratory nature of these 
tests, relatively large experimental errors aré 
likely but the results are of interest becaust 
they show that the solubility of the aluming 
(table 17) was increased to a much greate} 
extent during the period covered by the testi 
than was the solubility of the silica (table 16) 
Table 16 shows that for some samples ther 
is a general trend toward larger amounts 0} 
acid-soluble silica being present for the longe’ 
period of storage, but the results are errati¢ 
In all cases only a small fraction of the tota 
amount of silica present was soluble in acid 
The change with age in the acid solubility o 
the alumina shown in table 17 is considerabl3 
The acid soluble alumina at 7 days is in thy 
range of 2 to 4 percent for most samples, bu 
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Table 10.—Effect of carbon in fly ash on the 
compressive strength of cement-fly ash 
' mortar 


Compressive 
strength ratio, 
based on 1:2.75 
et mortar 
a — 


Method Water 
ofre- |Carbon} require- 
placing |content| ment 
cement | of fly ratio, 
ash | based on 

control 

mortar 28 91 

days 


Percent| Percent | Percent) Percent 
0. 84 89 108 


_ 


~ 
Cow CON COD Com ScOoN 


1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 





1 In the three methods used, 35 percent of the solid volume 
of cement in the control mortar was replaced as follows: 
- Method 1, by an equal volume of fly ash as received; method 2, 
by an equal volume of fly ash after ignition at 550° C.; and 
method 3, by an amount of ignited fly ash equal in volume 
to ae no the inorganic portion of the fly ash used in 
method 1. 


at 91 days this range is 7 to 10 percent. 
Generally, the increase in the solubility of the 
alumina between 7 and 91 days represented 
from 20 to 30 percent of the total alumina in 
the sample. The solubility of the iron oxide 
shown in table 18 indicates somewhat the 
same trend as that of the alumina but to a 
lesser degree. 

Because of the considerable increase with 
time in the solubility of alumina in the pres- 
ence of lime and water, the relation of this 
‘acid-soluble alumina to the pozzolanic strength 
index is of interest. Figure 18 shows the 
amount of acid-soluble alumina after 91 days 
plotted against the pozzolanic strength index. 
‘There is a general trend toward higher 
strength ratios for larger amounts of acid- 
‘soluble alumina, but it is also apparent that 
‘samples having widely different amounts of 
acid-soluble alumina have essentially the 
same strength index. Although the reactivity 
of the alumina may be a factor in the develop- 
ment of strength, other factors must exert a 
greater influence. 

The amounts of alkali-soluble material 
shown in tables 16-18 have little significance. 
| This alkali digestion was made primarily to 
determine whether significant changes oc- 

curred in the amount of amorphous silica 
present in the fly ash during reaction with 
lime. The test procedure was based on the 
assumption that only this form of silica would 
_be insoluble in the acid treatment and soluble 
in the alkali solution. However, the glassy 
1 constituents of the fly ash were evidently 
J ~ decomposed to some extent by the conditions 
) of the test and no definite trend could be 


i _ established. 
it a 


| Lime-Fly Ash Tests for Measuring 
Pozzolanic Activity 


The development of strength as a result of 
pozzolanic action requires that lime be avail- 
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able for reaction with the active constituent 
of a pozzolanic material. Some of the earliest 
methods of evaluating pozzolanic activity 
included determination of the effect of the 
reaction taking place in pozzolan-lime mix- 
tures. Data obtained using three such pro- 
cedures are shown in table 19. 

In one method, lime-fly ash mortar was 
cured at temperatures of 100° and 130° F. and 
the compressive strength determined at an 
age of 7 days. Full details of this test as 
performed in this investigation are given in 
procedure 3 of Appendix A. Except for fly 
ash samples 1, 2, and 3, higher strengths were 
obtained by curing the specimens at 130° F, 
than at 100° F. The data show that the 
higher curing temperature is generally of 
marked benefit to the less active fly ashes. 
A comparison between the pozzolanic strength 
index and the compressive strength of lime-fly 
ash mortar cured at 100° F. failed to show any 


90 


correlation, A reasonable relation between 
the index and the strength of the lime-fly ash 
mortar cured at 130° F. is shown in figure 19, 
However, the six fly ashes identified by num- 
ber in figure 19 do not follow the general 
trend. 

Alexander and Wardlaw (9) have indicated 
that lime mortar tests of pozzolanic materials 
conducted for a fixed period at constant tem- 
perature may not provide a proper measure 
of the reactivity of such materials. It is 
possible that fly ashes 4, 7, 8, 12, and 17 
would have shown greater reactivity with 
lime if the test had been made under other 
conditions of storage such as higher tempera- 
ture or longer curing. 

The second method involved the determina- 
tion of the time of setting of a lime-fly ash 
mixture. Moran and Gilliland (8) described 
this method as developed by Feret and used 
for evaluating pozzolanic materials other than 
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Figure 15.—Comparison of alkali or silica content of fly ash and pozzolanic strength index. 


Table 11.—Effect of fly ash on the volume change of an alkali-reactive mortar 
containing opal 


Expansion of mortar bars with 0-50 percent replacement of cement with fly ash and stored at 100° F.1 


Fly ash 


number Age of 1 month 








Average_-__- 





Age of 1 year 


1 Specimens prepared with cement A (equivalent Naz0 =0.90 percent). Each value is an average for two specimens, 
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Figure 16.—Effect of fly ash on expansion of alkali-reactive 
mortar at age of I year. 


fly ash. The details of the test are given in 
procedure 4 of Appendix A. When the initial 
and final setting times shown in table 19 are 
compared with the pozzolanic strength in- 
dexes, a general trend towards an inverse re- 
lation is found, but the relation is not suffi- 


ciently definite to make the test of much value 
for determining the quality of fly ash. 

Moran and Gilliland (8) also described a 
lime absorption test to measure the activity 
of a pozzolan. This test provides for the 
measurement of the amount of lime absorbed 


Table 12.—Alkalinity and composition of water extracts of fly ash 


material ! 


Fly ash| pH of 
number} extract 


CaS0O4.2H20 | Ca(OH)2 





Percent 


Percent 
3. 66 1 
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Calculated composition of dissolved 
NaOH} KOH | Calcu- 


Percent|Percent| Percent 
0. 2. 0. 06 





Total dissolved material ! 


Determined} Difference 
(dried at |(determined 


lated 110° C.) less calcu- 


Percent 
6.17 6.16 

4.08 4.08 s 
5.19 . 04 
3.49 
3. 93 


4. 55 
2. 54 
2,14 
4,48 
6. 65 


1.30 
1,30 

- 73 
2. 94 
3.15 


Percent 
0 


4.11 

















1 Expressed as a percentage of the original weight of fly ash, 
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Table 13.—The distribution of the calcium 
in fly ash 


Calcium ! as CaO from— 


Total 
sample 


Total 
water- 
soluble 


Water- 
soluble 


Water- 
soluble 
Ca(OH): 


Free 
lime 2 


Percent | Percent | Percent 
1,2 0.9 0. 


1. 
1, 


reent | Percent 
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1 Expressed as a percentage of the original weight of fly ash, ~ 
2 Determined by ASTM Method C 114-53. 


from a saturated lime solution over periods 
of time. The absorption of lime was meas- — 
ured by the decrease in the amount of acid 
required to neutralize an aliquot of the solu- 
tion. The difference between the amounts 
absorbed at 7 and 28 days was then taken as 
a measure of the pozzolanic activity of the 
material. The details of the test as per- 
formed in this investigation are given in pro- 
cedure 5 of Appendix A. Moran and Gilli- 
land showed good correlation between the 
results of this test and the strength of portland 
cement-pozzolan mortars when the pozzolans 
were volcanic ash or pumice. The results 
obtained with this test on the fly ashes used 
in this investigation are shown in table 19. 

A comparison of these results with the 
pozzolanic strength indexes failed to show any 
correlation. For a number of samples, nega- 
tive values were obtained. This is not sur- 
prising as it was shown in the tests of lime-fly 
ash slurries that the alkalies in fly ash are 
slowly soluble in the presence of lime. Al- 
though the use of the 7-day result as the 
starting point would eliminate the effect of 
rapidly soluble constituents, the continued 
solubility of constituents in the fly ash after 
that time affects the equilibrium conditions 
with respect to lime and alkalies in solution. 
This test is considered not applicable to fly 
ashes. 


Test Methods and Specification 
Requirements for Fly Ash 


The determinations made on fly ash in this 
study generally follow procedures which hay 
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been used previously for testing either fly ash 
or other types of pozzolans. The significance 
of each of these determinations for measuring 
the quality of fly ash has been assessed, by 
comparison of the effects of fly ash on the 
strength of mortar. In the following dis- 
cussion the test methods and specification 
requirements which are usually applied to fly 
ash are evaluated in view of the data obtained 
in this investigation. 

The results of these tests indicate that the 
effect of fly ash on the strength of mortar is 
related to the carbon content of the fly ash, 
the fineness as determined by use of the No. 
325 sieve or the 0.03 mm. size in the hydrom- 
eter analysis, and the water requirement ratio. 
The use of the No. 325 sieve is preferred over 
the hydrometer method for determination of 
fineness because of the relative simplicity of 
the method. Limiting values for these 
properties which were found for fly ashes 
having various degrees of pozzolanic activity 
are shown in table 20. This information can be 
used for making a quick evaluation of a fly 
ash in terms of its carbon content, loss on 
ignition, fineness, and water requirement 
ratio. The data in this table may also serve 
as a basis for preparing a specification for fly 
ash for use in concrete. 

Although the data in table 20 indicate that 
fly ashes of a selected quality as measured by 
the strength index will generally meet certain 
limits for carbon content, loss on ignition, 
fineness, and water requirement ratio, it 
should not be inferred that limits on these 


Table 14.—Reaction of fly ash with sodium 
hydroxide solution ! 


Silicon Alumi- Sulfur 
in alka- | dioxide ? num trioxide 2 
linity of (SiO2) oxide 2 (SOs) 
solution | dissolved| (Al2O3) | dissolved 
dissolved 


Reduction 
Fly ash 
number 


Percent Percent | Percent | Percent 
42.6 0. ; 2. 38 
36.7 4 5 1.92 
42.1 
33.8 


37.2 


46.1 
29.3 
30.0 
37.5 
45, 2 


28.7 
27.3 
22.5 
29.0 


CAND UPWNe 





33.8 





38. 1 
38. 7 
23.9 
24. 2 
25.0 


22. 2 
35. 7 
44.3 
18.2 














1 Fly ash treated with 1 N. solution of sodium hydroxide 
for 24 hours at 80° C. in a sealed container. ASTM Method 
C 289-52T, except that a 12.5-gram sample was used. 

en as a percentage of the original weight of fly 
ash, 
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Table 15.—Solubility of alkalies in water after various periods of aging fly ash and 
lime slurries 


Proportion ! of sodium 


oxide soluble at— oxide soluble at— 























Proportion! of potassium 





Proportion ! of equivalent 


D Equivalent alkalies 
alkalies as sodium oxide 


as sodium oxide 2 














Fly ash soluble at— 
number 
Total Soluble 
7days | 28days|91days| 7 days 28 days | 91 days | 7 days 28 days | 91 days | amount at 28 
days 
Pet. Pet. Pei: ‘Ech. Pet. Pet. Pet. Pet. Pet. Pet. Pet 
1 18 42 42 12 34 40 15 38 41 3. 21 i. 23 
2 19 35 46 12 30 42 16 33 44 3.55 1.16 
3 25 43 41 13 33 37 20 39 39 3. 55 1,38 
4 14 29 31 12 37 57 12 35 52 1.61 . 56 
5 19 42 45 12 39 47 15 40 46 2.79 1,13 
6 22 44 50 18 49 66 19 47 62 1, 82 . 86 
7 20 40 40 14 48 59 15 46 55 1. 78 . 82 
8 13 31 37 10 34 4] 11 33 39 2. 64 . 88 
9 15 45 55 10 42 61 12 44 58 1. 59 .70 
10 20 42 45 19 52 64 19 49 59 Vei2 . 85 
1l 12 42 35 10 48 52 10 46 48 Lav2 . 80 
12 12 30 40 9 33 45 10 32 44 1.85 . 60 
13 14 36 59 9 41 54 10 40 55 1. 40 . 56 
14 13 38 47 9 38 45 ll 38 46 1.93 . 74 
15 13 45 68 10 45 70 12 45 69 1. 67 75 
16 13 38 43 9 39 45 11 39 45 2.38 . 92 
17 12 24 48 15 44 53 14 37 51 1, 87 . 69 
18 14 28 45 12 34 50 12 32 48 2.15 . 69 
19 8 36 56 9 46 66 9 44 64 1. 57 . 69 
20 7 27 54 7 32 49 7 31 50 1, 78 . 55 
21 8 2a 37 8 37 46 8 35 44 2.29 .79 
22 25 28 50 10 43 59 13 40 57 ¥.i62 . 64 
23 13 33 60 9 36 65 11 35 63 1.77 . 62 
24 13 30 42 10 34 46 11 32 d4 1. 60 . 52 
25 16 34 47 20 47 56 19 45 54 1. 64 74 
26 12 33 52 9 42 64 10 40 60 1,97 78 
27 21 48 48 22 60 63 22 56 59 OK 98 
28 12 36 50 10 44 57 11 52 55 1.85 97 
29 30 38 62 7 25 39 15 29 47 1. 84 53 
80 18 37 37 16 44 38 17 38 37 1, 94 74 
31 24 46 55 12 37 48 16 41 50 3.11 1, 26 
32 9 34 41 8 36 48 8 35 46 1,79 . 63 
33 20 48 64 12 61 63 14 50 63 1.39 7 
34 14 46 54 13 51 59 13 49 58 1,88 92 























1 Expressed as a percentage of the amount of the constituent present in the original fly ash sample (table 1, p. 122). 


2 Expressed as a percentage of the original weight of fly ash. 


properties alone will always insure a particular 
level of pozzolanic activity. Since the rela- 
tions existing between pozzolanic activity and 
these properties are not exact, some fly ashes 
may not be as active as an appraisal based on 
these properties would indicate. Fly ash No. 
6, forexample, with a loss on ignition of 4.1 
percent, 92.1 percent passing the No. 325 
sieve, and a water requirement ratio of 98 
percent, would be expected on the basis of 
table 20 to have a higher strength index than 
66 as shown in figure 10. This shows that 
limits on these properties of fly ash do not 
eliminate the need for a more positive test for 
pozzolanic activity. 

Specifications for fly ash generally include 
some requirement based on a test for strength 
of mortar prepared with cement or lime in 
combination with fly ash. When the mortar 
is prepared with lime, a minimum strength is 
usually specified. When cement is used, the 
strength of mortar containing fly ash is 
required to be equal to or greater than a 
definite percentage of the strength of a control 
mortar not containing fly ash. Any type I 
cement of acceptable quality is generally 
permitted in these tests. 

It has been shown in this investigation that 
the strength ratio for a particular fly ash may 
vary considerably when determined with 
different cements. Consequently, when a 
minimum strength ratio is specified, considera- 
tion should be given to the cements to be used 
in the testing procedure. The most desirable 
procedure would be to use cement from a 


single source, or if this is not feasible, to use 
cements which have been found to produce 
comparable results in mortars containing fly 
ash. Further research on this problem is 
desirable to determine whether certain proper- 
ties of cement can be used for selecting such 
cements. There is evidence, for example, 
that the alkali and tricalcium silicate contents 
of the cement may have an important bearing 
on its behavior with fly ash. 
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SILICA DISSOLVED BY NaOH (1N.) -PERCENT 


Figure 17.—Comparison of silica dissolved 
in NaOH solution and pozzolanic strength 
index. 
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Table 16.—Silica dissolved from fly ash after 
various periods of aging fly ash and lime 
slurries 


Alkali-acid soluble 2 
at— 


Acid soluble ! at— 


91 91 


days 





1 Amount dissolved by digesting the residue from water 
extraction in HC] (1:10) overnight. Expressed as a percent- 
age of the original weight of fly ash. 

2 Amount dissolved by digesting the residue from the acid 
treatment for 30 minutes on steam bath in 1 percent NaOH 
solution. HC] added to make solution acid immediately 
before filtering. Results are expressed as percentages of the 
original weight of fly ash. 


The minimum strength ratio or pozzolanic 
strength index which should be specified de- 
pends on factors not considered in this study. 
The pozzolanic strength indexes of four fly 
ashes used in this series representing sources 
of fly ash which have given good results in 
concrete vary from 71 to 88. The feasibility 
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ACID SOLUBLE ALUMINA —PERGENT 


Figure 18.—Comparison of acid-soluble 
alumina after storage in lime solution 
for 91 days and pozzolanic strength index. 
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Table 17.—Alumina dissolved from fly ash 
after various periods of aging fly ash and 
lime slurries 









Acid soluble ! at— 





Alkali-acid soluble 2 
t 







91 


28 91 7 28 
days 


days | days 









Pet, Pet. Pele Pct. Pet. Pct: 
1 3.8 G2 8.4 | 0.33 | 0.38 Fi 
iz 3.9 7.0 8.7 . 36 . 36 ee 
3 3.9 7.8 9.4 48 . 53 vs 
4 2.2 5.6 7.9 46 -3l os 
5 3.6 7.9 9.2 38 . 32 ge 
6 3.7 5.9 Tok 19 .37 oes 
7 2.0 5.7 6.9 28 . 36 ae 
8 4.1 8.5 10.1 51 . 62 ene 
9 4.9 8.2 10. 4 44 42 nee 

2.9 6.2 7.8 29 . 29 ata 

2.2 5.8 Tanks 26 .35 — 

3.0 ard. 9.9 32 38 | 0.24 

2.2 5.6 ZEN 19 . 38 720 

4.1 7.5 9.5 30 . 36 27 

3.8 6.8 9.2 19 dl 221 

5.2 9.4 11.0 43 44 38 

4.9 9.5 12.3 61 .47 36 

4.9 9.9 13.0 45 . 53 36 

1.9 5.4 7.4 12 acy 23 

1.9 5.1 8.2 15 - 25 16 

1.5 4.6 6.5 18 . 36 32 

Zk 5.3 ay 20 -16 aes 

24 4.8 7.4 

3.2 6.9 9.9 

3.7 6.1 7.6 

2.0 5.3 7.3 

Qed 6.0 y Br 

2.0 5.4 7.4 

4.0 7.5 1.2 

3.6 5.0 5.5 

3.6 7.2 9.5 

2.3 Be 8.2 

2.0 5.3 7.8 

3.0 6.2 7.9 





1 Amount dissolved by digesting the residue from water 
extraction in HCl (1:10) overnight. Expressed as a percent- 
age of the original weight of fly ash. 

2 Amount dissolved by digesting the residue from the acid 
treatment for 30 minutes on steam bath in 1 percent NaOH 
solution. HCl added to make solution acid immediately 
before filtering. Results are expressed as percentages of the 
original weight of fly ash. 


of using fly ashes of poorer quality will depend 
on such factors as the permissible reduction 
which can be tolerated in the 28-day strength 
of the concrete and the quality of fly ashes 
available in a particular locality. 

In the use of a lime-fly ash mortar for de- 
termining the pozzolanic activity of fly ash, 
control of the uniformity of the lime does not 
appear to be difficult. However, the results 
of the tests of fly ash with lime did not show 
as close a correlation with those in which ce- 
ment was used as might be desired. This may 
have been due to the particular procedure fol- 
lowed in preparing the lime-fly ash mortars, 
and further work with this method may furnish 
better results. 

At present the fineness of fly ash is usually 
specified in terms of specific surface determined 
by the air permeability method. The results 
given in this study show that specific surface 
so determined has no relation to the effect of 
fly ash on the strength of mortar. This is in 
contrast to the good correlation found with 
the amount passing the No. 325 sieve. The 
use of this sieve as a means for determining 
the fineness of fly ash appears to be desirable. 

Except for carbon, the variations in the 
total amounts of individual chemical constit- 
uents that are present in the samples tested 
in this investigation had little or no relation 
to the pozzolanic activity of the fly ash. This 
does not necessarily mean that chemical con- 


Table 18.—Iron oxide dissolved from fly ash 
after various periods of aging fly ash and 
lime slurries 
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1 Amount dissolved by digesting the residue from water 
extraction in HC] (1:10) overnight. Expressed as a percent- 
age of the original weight of fly ash. 

2 Amount dissolved by digesting the residue from the acid 
treatment for 30 minutes on steam bath in 1 percent NaOH 
solution. HC] added to make solution acid immediately 
before filtering. Results are expressed as percentages of the 
original weight of fly ash. 


stitution is not of importance, but rather that 
the normal variation in composition of the 
different fly ashes is not sufficient to produce 
significant changes in pozzolanic activity. It 
is likely that availability for reaction or the 
physical state of the constituents control the 
activity of a fly ash to a much greater extent 
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Figure 19.—Comparison of compressive 
strength of lime-fly ash mortar cured at 
130° F. and pozzolanic strength index. 
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- Table 19.—Results of lime-fly ash tests for 
pozzolanic activity 


Compressive 

strength at 7 

days of 1:2:9 

lime-fly ash 

ee cured 
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Lime ab- 
Time of setting | sorptidn at 
of 1:4 lime-fly | 28 days less 
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than the total amount of constituent present. 
: For this reason specification requirements for 
___ chemical constituents other than carbon are 


‘a The following are general descriptions or 
details of testing procedures used in this 
investigation which may be of interest to those 
actively engaged in making similar studies. 


Procedure 1 


- 
4 
¢ 
H Methods of chemical analysis——The oxide 
analyses, except for the alkalies, were con- 
j ducted following the general methods outlined 
| _ by Hillebrand, Lundell, Bright, and Hoffman 
| (10) using a sodium carbonate fusion. The 
alkalies were determined by means of a flame 
ie photometer using the method described by 
Halstead and Chaiken (1/1). 

Carbon was determined by weighing the 
CO, formed by ignition of the sample at 950° 
C. in a tube combustion furnace using oxygen. 
The total CO, absorbed was corrected for the 
amount resulting from carbonates by deter- 
mining the CQ, released by hydrochloric acid 
in a separate determination. 

The sulfates (as SO3) were determined in a 
portion of the sample dissolved in HCl(1:1) 
after 15-20 minutes digestion at a near boiling 
temperature, 


















Procedure 2 


Preparation and analysis of lime-fly ash 
slurries—The slurries were prepared as 
directed in the method for the determination 
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necessary only to limit potentially deleterious 
constituents or to eliminate freak materials. 
For fly ash, these requirements are generally 
limited to the percentages of silica, magnesia, 
sulfur trioxide, and in special cases available 
alkalies. 

The ASTM Specification for fly ash (C 
350-54 T) includes a minimum requirement 
for silica of 40 percent. Of the fly ashes ex- 
amined in this investigation, six would fail to 
meet this requirement. Three of these six 
have pozzolanic strength indexes greater than 
70 percent and appear satisfactory for use as 
admixtures in concrete. In view of this, it is 
believed that a slightly lower minimum silica 
content may be tolerated. A value of 35 per- 
cent is suggested as being suitable. 

Limits for magnesia and sulfur trioxide are 
often included in a fly ash specification as a 
protection against possible deleterious effects 
in the concrete or mortar. This limit is us- 
ually 3 percent in each case. The maximum 
magnesium content found in any fly ash ex- 
amined was 2.7 percent for sample 30, which 
was discarded for use in the mortar tests be- 
cause of its coarseness and general unsuita- 
bility for use. The remaining samples showed 
a maximum value of 1.4 percent. Althougha 
retention of the limit on magnesia to prevent 
the inclusion of unusual materials is believed 
necessary, these results indicate that the mag- 
nesia content for most fly ashes is well below 
this limit. The sulfur trioxide content, a 
measure of the amount of sulfates present, 
varied from 0.2 to 2.8 percent in the samples 
tested. A limit of 3 percent for this material 
appears to be suitable. 

The alkalies present ina fly ash must be 
considered whenever the material is used in 


Appendix A 


of available alkalies as given in the Tentative 
Methods of Sampling and Testing Fly Ash 
for Use as an Admixture in Portland Cement 
Concrete, ASTM Designation C 311-54 T. 

The extraction of the water soluble alkalies 
and the analyses of the residues were con- 
ducted as follows: 

The liquid contents of the vial were trans- 
ferred to a 250-ml. beaker and the solid cake 
transferred to a mortar. The cake was ground 
with the addition of some water until a uni- 
form slurry was formed and no large lumps 
remained. The slurry was then transferred 
to the same 250-ml. beaker and sufficient 
water added to make the total volume 100 ml. 

For most samples after 28 and 91 days, the 
solid cakes were so hard that the vial had to be 
broken and the glass carefully removed before 
grinding. The glass was scraped as thoroughly 
as possible to remove the adhering fly ash and 
lime. 

After standing for 2 hours at room tempera- 
ture with frequent stirring, the slurry was 
filtered and the residue washed thoroughly 
with hot water (8-10 times). 

The filtrate was neutralized with HCl using 
1 drop of phenolphthalein as indicator. It 
was then transferred to a 250-ml. volumetric 
flask and filled to the mark. This solution 


Table 20.—Relation between limiting values 
of pozzolanic strength index and other 
properties of fly ashes 


Number 

of fly | Pozzo- 
ashes lanic 
meeting |strength 
indi- | index, 
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mum 
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Percent| Percent) Percent) Percent 
3.5 4.1 93.9 98 
6.9 91.5 


7.5 88.9 
88.9 


75.8 
74.8 
74.8 
56, 2 





concrete in which there is a possibility that 
reactive aggregate may be present. The 
ASTM specification for fly ash (C 350-54 T) 
includes an optional clause which limits the 
available alkalies to 1.5 percent. As pre- 
viously stated, these available alkalies are 
determined on alime-fly ash slurry after storage 
at 100° F. for 28 days. All of the fly ashes 
included in this investigation met this require- 
ment, the largest amount of available alkalies 
being 1.38 percent for sample 3. However, it 
was also shown that in many cases the alkalies 
continued to dissolve after the 28-day period. 
It is believed that additional studies should be 
made to show the correlation between the 
results of this test and the amounts of alkalies 
becoming soluble in an actual mortar or con- 
crete, and whether this continued solubility is 
of significance to the expansion resulting from 
the alkali-aggregate reaction. 


(or aliquot where necessary) was used to de- 
termine the amounts of sodium and potassium 
present by means of a flame photometer. 

The flame photometer was calibrated with 
neutral solutions of sodium and potassium 
chlorides. The necessary correction for lime 
was made by determining the average amount 
present in several representative samples and 
using a correction curve established on 
that basis. 

The residue from the water extraction was 
returned to the 250-ml. beaker and 13 ml. 
of concentrated HCl and 87 ml. of H,0 
added. This amount was calculated to give 
a final concentration of free HCl equivalent 
to a dilution ratio of 1:10. 

The beaker and its contents were allowed 
to stand overnight after frequent stirring for 
the first several hours. The liquid was fil- 
tered into a 250-ml. flask and the residue 
washed thoroughly with hot water. After 
the liquid had cooled, the flask was filled to 
the mark and aliquots of this solution were 
used for the determination of the acid soluble 
constituents. 

The residue from the acid treatment was 
transferred to the 250-ml. beaker, and 100 
ml. of hot 1-percent solution of sodium 
hydroxide added. It was then digested on a 
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steam bath for 20 minutes. Five ml. of con- 
centrated HCl were added to make the solu- 
tion slightly acid and to dissolve any iron 
hydroxide or aluminum hydroxide which may 


have been released from glassy complexes by ' 


the alkali treatment. 

The solution was filtered into a 250-ml. 
volumetric flask, and the residue washed 
thoroughly with hot water. After the filtrate 
had cooled the flask was filled to the mark 
and aliquots of this solution were used for 
the determination of the constituents soluble 
in or “solubilized”? by the alkali treatment. 

Photometric methods were used to deter- 
mine the amounts of dissolved constituents 
in each solution. Silica was determined by 
the molybdenum blue method, and iron and 
aluminum oxides were determined with fer- 
ron. The procedures followed were essen- 
tially the same as described by Shapiro and 
Brannock (12), except for necessary modifica- 
tions to adjust for acid concentration. 


Procedure 3 

Compressive strength of lime-fly ash speci- 
mens.—The lime-fly ash mortar used for these 
specimens contained by weight one part 
hydrated lime, two parts fly ash, and nine 
parts of graded Ottawa sand. Sufficient 
water was added to this mixture to produce 
a flow of 80 plus or minus 5 percent when 
determined as prescribed in the Standard 
Method of Test for Compressive Strength of 
Hydraulic Cement Mortars, AASHO Desig- 


The following discussion® is based on a 
number of published references, and while 
there is not always complete agreement on all 
details, it is believed that it represents gener- 
ally the consensus of thought concerning the 
chemical constitution of the inorganic matter 
in coal and the changes which occur during 
combustion to form fly ash. 

The bulk of the inorganic material in coal 
is derived from detrital or adventitious matter 
which fills the fissures and cracks occurring in 
coal beds. This material consists mainly of 
silicates, sulfides, and carbonates. The sili- 
ceous matter is mostly shale and clay, kaolin 
being the most abundant mineral present. 
Smaller amounts of potash clays, micas, feld- 
spars, and quartz may also be present. The 
shales are largely complex alumino-silicates in 
combination with small amounts of iron, cal- 
cium, sodium, and potassium. The sulfide 
minerals present are essentially in the form of 
pyrite (FeS,) and marcasite (FeS.). Calcite 
(CaCOs;) and siderite (FeCO;) make up the 
bulk of the carbonate minerals occurring in 
coal beds. It has been estimated that more 
than 90 percent of the mineral matter in coal 
consists of kaolin, calcite, pyrite, and clay. 

The grinding of pulverized fuel largely 
separates the coal from the associated min- 
erals and even the minerals from each other 
into discrete particles. As the particles are 
burned in an air suspension, collisions are 
infrequent and the minerals are not again 

‘This discussion was prepared by Bernard Chaiken, 


Chemist, Physical Research Branch, Bureau of Public 
Roads. 
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nation T 106-49. The materials were mixed 
by hand in a 6-quart bowl. Sufficient mor- 
tar was prepared to fill two 1%-inch diameter 
cylindrical glass tubes, 12 inches in length, 
which had previously been sealed at the bot- 
tom. These tubes were filled in 6 equal 
layers, each layer being tamped 25 times 
with a metal tamper having a plane face one 
inch in diameter. 

Immediately after molding, the specimens 
were sealed on the top with a rosin-paraffin 
mixture. After storage at 73° F. for 24 
hours, one specimen was stored for 6 days 
at 100° F. and one was stored at 130° F. 
Three hours before testing at 7 days, each 
specimen was cut into three equal cylinders, 
the glass stripped, and the cylinders capped 
with a sulfur capping compound. The capped 
specimens were kept in a moist condition at 
73° F. until tested in compression. 


Procedure 4 

Time of setting of lime-fly ash specimens.— 
A paste consisting of one part of hydrated 
lime and four parts of fly ash by weight was 
prepared with sufficient water to produce a 
paste of normal consistency as determined 
by the Method of Test for Normal Consist- 
ency of Hydraulic Cement, ASTM Designa- 
tion C 187-49. This paste was placed in a 
cylindrical container of about 3-inch diam- 
eter, and covered with a layer of saturated 
lime water, which in turn was covered with a 
film of lubricating oil to prevent carbonization. 


Appendix B 


mixed. Thus, their residues appear sepa- 
rately in the fly ash. 

When bituminous coals are used as the 
pulverized fuel, the small particles of coal in 
suspension are heated rapidly. The particles 
soften and swell into multicellular bubbles of 
coke, known as ‘‘cenospheres.’”’ Some par- 
ticles of bituminous coal may increase in 
volume by as much as 40 times shortly after 
entering the furnace, the average being about 
11 times the original volume. The density 
of coal (1.3 to 1.7) is thereby decreased to 
approximately 0.12 to 0.15 by cenosphere 
formation. Much of the inorganic matter in 
coal is finely divided. The swelling of the 
coal further separates and subdivides the ash 
into minute particles. As the cenospheres 
burn, numerous bits of mineral ash are 
released. 

The mineral matter undergoes considerable 
decomposition and chemical change during 
combustion, and the chemical nature of the 
ash is quite different from that of the original 
mineral matter in coal. 

Each of the three main minerals—kaolin, 
calcite, and pyrite—break down to their re- 
spective oxides at the temperature of the fuel 
bed (980-1650° C.), but the resulting oxides 
usually have melting points above the com- 
bustion temperature. However, eutectic rela- 
tionships are formed which result in fusion. 

In the flame, the shale and clay particles lose 
combined water and those particles which 
leave the flame prematurely do not complete 
the processes of fusion or that of moisture evo- 
lution. These particles are white and rounded, 


At intermittent intervals, the paste was 
tested by means of the Vicat needle to deter- 
mine when initial and final set occurred. Ini- 
tial set was considered to have occurred when 
the 1-mm. needle penetrated to 35 mm, from 
the upper surface of the paste in 30 seconds. 
When the needle showed no penetration of 
the surface of the paste, final set was consid- 
ered to have taken place. 


Procedure 5 


Lime absorption test—This test is intended 
to determine the capacity of a fly ash for 
reacting with lime in a lime water solution. 
The following procedure was used: 

A 1-gram sample of fly ash was placed in a 
test tube to which was added 100 ml. of a lime 
water solution of known concentration as 
determined by titration with a standardized 
N/25 hydrochloric acid solution. The test 
tube was sealed and agitated constantly by 
mechanical means until the date of test. At 
ages of 7 and 28 days, a 25-ml. portion of the 
supernatant liquid was removed and immedi- 
ately titrated with the N/25 hydrochloric acid 
solution. After the sample for test at an age 
of 7 days had been taken, the solution in the 
test tube was replenished with 25 ml. of lime 
water of the concentration originally used. 

The amount of lime absorbed by the fly 
ash was determined by the change in alka- 
linity of the solution during each period of 
agitation, as indicated by the amount of N/25 
hydrochloric acid needed for titration. 


the whiteness being due to cavities formerly 
occupied by steam. The particles which con- 
tinue in the flame tend to complete both proc- 
esses, particularly in relatively hot combustion 
chambers, and they form mostly complex sili- 
cates that are colorless, solid spheres resem- 
bling glass. Various tints of color may be due 
to iron components in the shale. Some erys- 
talline aluminum silicate (mullite) is also 
found. 

The pyrite (FeS,) is ignited to the oxide 
state with the accompanying evolution of sul- 
fur dioxide (SO,) and sulfur trioxide (SO;). If 
the temperature is below 1,000° C., ferric 
oxide (Fe,03) forms. However, the most likely 
situation is that ferroso-ferric oxide or mag- 
netite (Fe3;0,) is formed, since temperatures 
usually exceed 1,000° C. This material is in 
the form of black, rounded or spherical parti- 
cles which are often mistaken for particles of 
carbon. The magnetite particles can be iden- 
tified by their magnetic properties. 

The calcite, of course, breaks down to cal- 
cium oxide and carbon dioxide during ignition. 
Usually the bulk of free lime so produced com- 
bines with the sulfur dioxide and trioxide 
evolved from the pyrite to form calcium sul- 
fate. Generally, the sulfur oxides are fixed as 
sulfates by any free particles of basic oxides. 
Free lime not so converted to sulfates will 
remain as calcium oxide or be converted to 
calcium hydroxide during storage. 

The unburned coal particles which rise to 
the stack will be found in the fly ash as large, 
gritty, porous, irregularly shaped particles of 
cindery coke. 
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A new publication entitled Standard ‘Plans 
for Highway Bridge Superstructures (1956 edi- 
tion) is now available from the Superintendent 
of Documents, U. S. Government Printing 
Office, Washington 25, D. C., at $1.75 per 
copy. 

The 52-page book cgmprises 18 series of 
standard plans which furnish details for a 
variety of types of highway bridge super- 
structures. Entirely new in this edition are 
three series for pretensioned precast concrete 
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urban highways. The drawings give suffi- 
ciently complete information so that they 
approach contract drawings as nearly as 
practicable. 

The designs are based on two widths of 
roadway: 24 feet with H15—44 live load and 
28 feet with H20-S16—44 live load. The 
ranges in span lengths, from 11 feet for struc- 
tural timber to 140 for deck plate girder, 
are based on the economy and suitability of 
each particular type of superstructure. 
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Use of Fly Ash in Concrete 


BY THE PHYSICAL RESEARCH BRANCH 


BUREAU OF PUBLIC ROADS 


Reported! by ALBERT G. TIMMS and WILLIAM E. GRIEB, 


The purpose of this investigation was to study the properties of concrete con- 
taining, as replacement for part of the cement, four fly ashes selected from two 
widely separated areas because they represented sources of fly ash which have a 
history of extensive use in concrete. From each source, fly ashes of widely 
different fineness were selected with the expectation that those with the maxi- 
mum fineness would have the lowest carbon content. Concrete specimens con- 
taining the fly ashes were tested for strength at various ages, for shrinkage at 
various periods when stored in a dry atmosphere, for durability in freezing and 
thawing, and for resistance to attack by calcium chloride used for ice removal. 

These tests indicate, in general, that at ages through 28 days both flexural and 
compressive strengths were lower than comparable concrete without fly ash. 
At one year the strengths of the concrete containing fly ash were about as high 
or higher than the plain concrete. Fly ash did not improve the resistance to 
freezing and thawing of non-air-entrained concrete. In air-entrained concrete 
some of the fly ashes gave satisfactory durability and some did not. The par- 
ticular portland cement used was also a factor. For the most part, concrete 
containing fly ash showed less shrinkage upon drying than concrete without fly 
ash, All substitutions of fly ash for portland cement adversely affected the 
resistance of both air-entrained and non-air-entrained concrete to attack by 


calcium chloride solutions. 


N an effort to develop a more durable con- 

crete, research engineers have been seeking 
a low-cost form of finely divided silica for add- 
ing to portland cement concrete, which would 
react with the alkalies and lime liberated by 
the cement in the hydration process. A ma- 
terial which appears to have the desired prop- 
erties is fly ash. This is a waste product which 
results from the burning of pulverized coal and 
accumulates in large quantities at power 
plants. It has a high silica content and a 
fineness similar to cement. 

Not only have claims been made concerning 
the suitability of fly ash for producing a more 
durable concrete, but the product has been 
proposed as an extender or replacement for 
portland cement. Impetus has been given to 
the use of fly ash for this purpose because of 
the shortage of cement during the past few 
years. 

In this study, the properties of concrete con- 
taining four fly ashes used as a substitute for 
cement were investigated. 


Conclusions 


Tests in which fly ash was used as a replace- 
ment for part of the cement indicated the im- 
portance of the carbon content of the fly ash. 
In general, the higher the amount of carbon in 
the fly ash and the greater the percentage of 
fly ash used as a replacement for cement, the 
lower was the compressive and_ flexural 
strength at all ages. . 

The detailed conclusions are as follows: 

1. The 7-day compressive strengths of con- 
cretes containing fly ash were lower than com- 
parable concrete without fly ash. With a few 
exceptions, the same relation was found for the 
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28-day strengths. The lower strengths were 
always obtained with the concretes containing 
the fly ashes of highest carbon content. At 1 
year the strength of the concrete containing 
fly ash of low carbon content was always higher 
than that of the concrete without fly ash, in 
some cases as much as 20 percent higher; and 
the strength of the concretes containing 16% 
percent of fly ashes X and Y (high carbon con- 
tent) equaled or exceeded those without fly 
ash. Only the concretes containing 33% per- 
cent of fly ashes X and Y failed to meet or 
surpass the strengths of the control concrete 
at 1 year. 

2. Much the same general relations hold for 
flexural strength as were obtained for compres- 
sive strength, except that at 1 year the flexural 
strength of all concrete with fly ash replace- 
ment was greater than that of concrete with- 
out fly ash. 

3. Non-air-entrained concrete with and 
without fly ash had poor resistance to freez- 
ing and thawing. 

4, Satisfactory durability was obtained 
with the air-entrained concretes containing 
cements A and B without fly ash. For air- 
entrained mixes, similar results were found 
for the concretes containing cement B (low 
alkali content) and the various fly ash replace- 
ments. Satisfactory durability was also ob- 
tained with the concretes containing cement 
A (high alkali content) and the 16%-percent 
replacement of the four fly ashes and the 
33'4-percent replacement of fly ashes A and 
B; concrete with 33!4-percent replacement of 
cement with fly ashes X and Y (high carbon 

1 This article was presented at the 59th Annual Meeting 


of the American Society for Testing Materials, Atlantic City, 
N. J., June 17-22, 1956. 
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content) had poor durability as indicated by 
factors of 40 or lower. 

5. The effect on durability and strength of 
concrete containing fly ash from a given 
source varies with the characteristics of the 
cement used. Therefore, cement-fly ash com- 
binations for which no service record is avail- 
able should be investigated prior to use. 

6. In general, there was little difference in 
the shrinkage upon drying of the concrete 
made with or without fly-ash substitutions. 

7. Non-air-entrained concrete with or with- 
out fly ash was severely attacked by calcium 
chloride used for ice removal. The two air- 
entrained concretes without fly ash had good 
resistance to attack by calcium chloride, but 
all substitutions of fly ash for portland cement 
lowered the resistance of the concrete. 

8. The amount of air-entraining material 
necessary to produce a given amount of air 
in concrete increases with the carbon content 
of the fly ash. 


Scope of Tests and Materials Used 


The fly ashes? from one area are identified 
hereafter as A and B, and from the other 
area as X and Y. From each source, fly 
ashes of widely different fineness were selected. 

In this investigation specimens for com- 
pressive and flexural strength, durability, and 
volume change tests were made from con- 
cretes without air and with 3 to 6 percent 
entrained air. Since fly ash is generally used 
as a replacement for part of the portland 
cement in paving or structural concrete, it 
seemed logical that the air content should 
be maintained within the usual limits of 3 to 
6 percent. 

In order to investigate the possibility of 
reaction of the fly ash with the alkalies in 
the cement, two portland cements were used: 
one of relatively high and the other of rela- 
tively low alkali content. The chemical 
analyses of the two portland cements shown 
in table 1 indicate that cement A had an 
alkali content of 1.09 percent which is higher 
than that permitted by AASHO specification 
M 85-53 for a low alkali cement, and that 
cement B had a very low alkali content, 0.14 
percent. 

Each of the four fly ashes was used as a 
replacement for portland cement in two per- 
centages (16% and 33%) for strength deter- 
minations and freezing and thawing and vol- 
ume change measurements. For the concrete 
slabs which were stored outdoors and exposed 

2 Fly ashes A, B, X, and Y are identified as 1, 3, 14, and 


29, respectively, in the article Studies relating to the testing of 
fly ash for use in concrete, which appears in this issue. 
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age 


’ 





to the action of calcium chloride, only a 
33}4-percent replacement was used. In each 
case the replacement of cement by fly ash 


_ was on the basis of solid volumes. 


Concrete for compressive and flexural 
strength test specimens was made with 1}4- 
inch maximum size crushed limestone and a 


_ siliceous sand with a fineness modulus of 2.75. 


The aggregates were of good quality and had 
a good service record for durability. Aggre- 
gates from the same sources were used in 
making the volume change and freezing and 
thawing specimens and the outdoor exposure 


1 slabs, except that the maximum size was lim- 
ited to 1 


inch. This maximum size was 
required because of the small size specimens. 


Mix Proportions 


The mix data for all concrete specimens are 
given in table 2, Mixes without fly ash were 
designed for a cement content of 6.0 sacks of 
cement per cubic yard and a slump of approxi- 
mately 3.0 inches. Where fly ash was used, 
one or two sacks of cement per cubic yard of 
concrete were replaced by an equal solid 


volume of fly ash. Because of differences in 


specific gravities of the cements and the fly 
ashes, the weight of fly ash for a solid volume 
equivalent to the solid volume of a 94-pound 
sack of cement was 74 pounds for fly ashes A, 
B, and X, and 72 pounds for fly ash Y. The 
quantity of sand in air-entrained mixes was 


reduced to compensate for the volume of 


added air, thus maintaining a constant cement 
content. For all mixes with the same maxi- 
mum size coarse aggregate, the actual weight 
of coarse aggregate per cubic yard of concrete 
was constant. 

The water requirement for concrete of a 


given slump varied with the amount and 








100 percent portland cement. 





_ properties of the fly ash used for replacement 


of cement. The mix data for the strength- 
test specimens shown in table 2 indicate that 


- when 16% percent of fly ash A or B was used, 


the water was approximately 1% gallons per 
cubic yard of concrete less than that in the 


_ mixes without fly ash; and when 3314 percent 


of fly ash A or B was used, the reduction was 
approximately 2}4 gallons per cubic yard. 
When either 16% or 3314 percent of fly ash X 


was used, the water requirement was the same 
as for concrete without fly ash, but when 16% 
_ percent of fly ash Y was used, approximately 


¥% gallon more water was required. In the 
case of fly ash Y with 3344 percent replace- 
ment, approximately 1 gallon more water was 
needed. The same trends were noted for the 
concrete used in the freezing and thawing and 
volume change tests. 

The quantity of air-entraining admixture 
required for a constant air content increased 
with a higher carbon content in the fly ash and 
with the quantity of fly ash used as a replace- 
ment for the portland cement. This variation 
is shown in table 2, When either 16% or 33% 
percent of fly ash A was used, approximately 


10 percent less air-entraining agent was re- 


quired than was needed for the concrete with 
Also when 33% 
percent of fly ash Y was used with cement B, 
approximately 5 times as much air-entraining 
admixture was required. Slump and air 
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Table 1.—Chemical composition and physical properties of portland cements and fly ashes 


A 


Portland cement 


Fly ash 


B 





Chemical composition (in percent): 
Silicon dioxide 





Sulfur trioxide 
Loss on ignition 
Sodium oxide 
Potassium oxide 
Total equivalent alkalies as Na2O 
Insoluble residue 

Chloroform-soluble organicsubstances 
Free calcium oxide. 





K20 


Computed compound composition (in 
percent): 
Tricalcium silicate 
Dicalcium silicate 


Physical properties: 
Apparent specific gravity 
Specific surface (Wagner) 
Specific surface (Blaine) 
Passing No. 325 sieve 
Autoclave expansion 
Normal consistency -.._--------di 
Time of setting (Gillmore test): 

Initial 








1 Determination made at 600° C. 


content were maintained approximately con- 
stant for all concretes. 


Fabrication of Specimens 


All mixing was done in an open pan-type 
mixer of 134 cubic foot capacity. The follow- 
ing mixing cycle was employed: Cement plus 
the fly ash and damp sand were mixed for 30 
seconds, after which the estimated total 
quantity of mixing water plus the air-entrain- 
ing admixture, if any, was added and the 
mortar mixed for a further period of 1 minute; 
coarse aggregate in a saturated surface-dry 
condition was then added and the concrete 
mixed for an additional 2 minutes, making a 
total mixing time of 344 minutes. Air contents 
for the air-entrained concrete were determined 
by the pressure method, ASTM C 231-49 T, 
and for the non-air-entrained concrete it was 
calculated by the gravimetric method, ASTM 
C 138-44. 
means of the slump test. 


Testing Procedures 


Strength specimens were molded, cured, 
and tested in accordance with applicable 
ASTM procedures. All strength specimens 
were moist cured continuously until tested. 


The freezing and thawing tests were made 


on prisms 3 by 4 by 16 inches, sawed from 4- 
by 16- by 24-inch slabs. The concrete slabs 
were cured in the moist room for 14 days, 
stored in laboratory air for 7 days, and then 
sawed into 7 prisms measuring 3 by 4 by 16 
inches. Three were used for the freezing and 
thawing test and the other four were held in 
moist air storage for future tests. The freez- 
ing and thawing prisms were returned to the 
moist room for 7 days, then immersed in water 





Consistency was controlled by ~ 
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for 7 days, and at a total age of 35 days the 
freezing and thawing cycle was started. 

A 24-hour cycle was used in making the 
freezing and thawing tests. Each specimen 
was frozen and thawed in water in an individ- 
ual metal container of such size as to provide 
about -inch clearance on all sides. The 
specimens in the containers were placed ver- 
tically in the freezing chamber. The refrig- 
erant used was alcohol and it entirely sur- 
rounded the sides of the container to a height 
of about 18 inches. The specimens in the 
containers were frozen at —10° F. for 18 hours, 
then removed from the freezer and thawed in 
a water bath at 70° F. for 6 hours. After 
each cycle, the specimens were removed from 
the containers, turned upside down, and re- 
placed. The water in the containers was 
changed. 

Resistance to the effects of alternate freezing 
and thawing was determined periodically 
during the test by measuring changes in the 
dynamic modulus of elasticity of the concrete. 
For a given specimen, changes in dynamic 
modulus of elasticity H are proportional to 
changes in the square of the natural frequency 
of vibration (N?). It is therefore possible to 
use the reduction in N? directly as a measure 
of the deterioration of the concrete. Freezing 
and thawing was continued until the speci- 
mens showed a loss in N? of 40 percent or for 
200 cycles, whichever occurred first. 

In addition to the 4- by 16- by 24-inch slabs 
which were sawed for the freezing and thawing 
prisms, six 3- by 4- by 16-inch beams were 
made for volume change tests. These spec- 
imens were removed from the molds after 24 
hours under moist burlap and then stored in 
laboratory air at 72° F. and 50 percent rela- 
tive humidity. After 180 days in laboratory 
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Mixes for strength tests 2 


Water 


Gal./cu. 


Table 2.—Concrete mix data 


Weight of 
plastic 
concrete 


Air 3 Admix- 


Slump Seon 
€ 


PORTLAND CEMENT A: NON-AIR-ENTRAINED CONCRETE 


Percent 


Inches 
0 1.6 


Db./cu. ft. 
151.6 


151.6 
151.4 
152.0 
152.1 


151.4 
150. 9 
151. 2 
150. 2 


yd. Percent yd. 

33. 7 5.9 
32.9 
31.0 


31.8 
31.1 


33. 5 
33. 7 
33.6 
34.2 
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PORTLAND CEMENT A: AIR-ENTRAINED CONCRETE 


30. 4 


29. 4 
28. 7 
29, 2 
28.8 


30. 5 
30.8 
31.0 
32. 2 


147.3 


146. 6 
146. 6 
146, 4 
147.5 


146. 7 
146, 2 
145. 5 
144.7 


100 


93 
87 
137 
152 


155 
217 
242 
395 
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PORTLAND CEMENT B: NON-AIR-ENTRAINED CONCRETE 


34,8 


33.3 
31.9 
32.8 
31.6 


34. 6 
34.5 
34.7 
35, 1 


151.6 


151.4 
151, 2 
151.6 
151.6 


150.9 
150. 5 
150. 8 
149.7 
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PORTLAND CEMENT B: AIR-ENTRAINED CONCRETE 


146. 0 


146. 4 
146. 0 
146. 2 
146. 5 


145.1 
144, 4 
146. 4 
144.8 


100 


89 
93 
143 
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1 Fly ash used as replacement for cement on a solid volume basis. 
* Proportions for mixes without fly ash were as follows: For non-air-entrained concrete, 94-190-350; for air-entrained concrete, 914-170-350. Maximum size coarse aggregate, 144 inches. 
§ Air contents for non-air-entrained conerete were calculated, whereas air contents for air-entrained concrete were determined by pressure mathod (ASTM mathod © 231-49 T). 

‘ Relative amount of air-entraining admixture used to produce air in concrete for strength tests; amount used in mixes without fly ash considered as 109 percent. 

5 Proportions for mixes without fly ash were as follows: For non-air-entrained concrete, 94-205-330; for air-entrained concrete, 94-188-330. Maximum size coarse aggregate, 1 inch. 


air, they were stored in water for 14 days and 
then returned to laboratory air for an addi- 
tional 180 days. The length of each specimen 
was determined when it was taken out of the 
mold and periodically thereafter. 

Additional 4- by 16- by 24-inch slabs were 
made later to determine the effect of fly ash 
on the resistance of concrete to scaling due 
to freezing and ice removal with calcium chlo- 
ride. A raised edge was cast around the per- 
imeter of each slab. In these tests only con- 
cretes containing 33'4-percent replacement of 
each of the four fly ashes for both cements 
were used with the non-air-entrained and the 
air-entrained mixes. The slabs were cast in 
June 1952 and were stored in moist air for 30 
days. They were then placed outdoors on the 
ground. During the fall and winter season 
the top surface of each slab was kept covered 
with water. When ice was frozen on the 
slabs calcium chloride was applied to the 


144 


surface at the rate of 2.4 pounds per square 
yard. After the ice was completely thawed 
the surface was washed and fresh water left 
on the surface to await another freezing. A 
total of 80 cycles were obtained during three 
winter seasons: 1952-53, 17 cycles; 1953-54, 
34 cycles; and 1954-55, 29 cycles. The slabs 
were rated periodically for surface scale. 


Discussion of Test Results 


The results of the tests for strength, volume 
change, and durability are shown in tables 3-5 
and in figures 1-5. The data are discussed 
in relation to the effect of substituting in two 
percentages each of the four fly ashes for a 
portion of each of the two portland cements. 

Effect on strength—The flexural and com- 
pressive strengths of the concretes without 
fly ash and with fly ash replacing part of each 
cement are shown in table 3. This table also 


Cement 


Sack/eu. 


Mixes for freezing and thawing and volume change tests 5 


Weight 

of plas- 

tic con- 
crete 


Fly ash Water Slump Air 3 


Gal./eu, 

Lb./cu. yd. yd, Inches | Lb./cw.ft.| Percent 
35.5 2.7 148.6 2.0 

33.0 

148 34.2 


74 34.8 
148 35, 1 


74 35. 6 
148 35. 0 
72 36. 1 
35. 2 


149. 1 
148.9 
149.4 
149. 3 


149. 6 
148. 4 
148. 6 
147.7 
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shows the relative strengths of concretes con- 
taining fly ash expressed as percentages of 
the strengths developed by the concrete with- 
out fly ash. These relative strengths for 
various ages of test are shown graphically in 
figures 1 and 2. 

In the upper diagram of figure 1 are shown 
the relative compressive, strengths of the 
non-air-entrained concretes made with cement 
A and containing the substitutions of the two 
percentages of each of the four fly ashes. 
The 7-day strengths of concretes containing 
fly ash ranged from 53 to 94 percent of the 
strength of comparable concrete without fly 
ash. At 28 days the concretes containing fly 
ash A or B were equal to or greater than the 
28-day strength of the concrete without fly 
ash. The concretes containing fly ash X or Y 
at 28 days ranged in relative strength from 
74 to 96 percent. 

All of the non-air-entrained concrete con- 
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This is also apparent in table 4 which shows } 
the ranges and averages of relative strengths. | 


taining cement A and fly ash equaled or 
exceeded the strength of comparable concrete 
without fly ash at 1 year, with the exception 
of that containing 33% percent of fly ash Y. 
The concrete containing 33% percent of fly 
ash Y had a relative strength of 86 percent 
of the comparable concrete without fly ash. 
The highest relative strength at 1 year for 
concrete made with cement A was 115 percent. 
The three remaining diagrams in figure 1 
show a pronounced similarity in the relative } 
strength to that shown in the first diagram. — 
It is significant that the 7-day compressive | 
strengths of the concretes containing fly ash | 
are lower in each case than the comparable — 
concrete without fly ash. With the exception 
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Concretes containing 3344 
The same general relation 


somewhat lower relative strengths at 1 year, 
but in all cases these were equal to or greater 


than 100 percent. 
a comparison of the relative 


non-air-entrained concrete con- | 
For the fly ashes of low car- 


taining fly ash A or B, the same relation is_ . 


found at 28 days. 
the increase in strength was 21 


Replacement of 1634 percent of the 
air-entrained mixes; the latter had 


approximately the same strength at 1 year. 


year than for concrete without fly ash. 

In one case, 
The use of air entrainment appeared to 
have little effect on the relative strengths, 


particularly with cement B. For each com- 


Figure 2 gives 


fly ash resulted in greater concrete strengths 
flexural strengths. 


had strengths less than the concrete without 
fly ash at all ages including 1 year, except 
fly ash X, used as replacement for cement A 
bination of cement and fly ash, the concrete 
with and without air entrainment had similar 


relative compressive strengths. 
shown for compressive strengths exists for the 


flexural strengths, as is apparent in table 4, 
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With two exceptions 


all air-entrained concrete with and without 
fly ash substitutions withstood 200 cycles 


In table 3 are shown the losses 
with a reduction in N? 


in natural frequency squared (N?) at 10, 25, 
50, 100, 150, 175, and 200 cycles and the 


Durability.—The data from the freezing and 
durability factor. 


thawing tests are shown in table 3 and in 
The reductions in N? plotted against the 


ural strength of the concrete without fly ash 
number of cycles in figure 3 show that all the 
concretes containing fly ash and without air- 
entrainment deteriorated very rapidly under 


at the 1-year period. 
freezing and thawing. 


figures 3-4. 
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The exceptions were the concretes made from 


FLY ASH (BRAND) A 


cement A and containing 33% percent of fly 
ashes X and Y which had air contents of 4.0 


and 3.1 percent, respectively. 
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Figure 1.—Effect of fly ash on compressive strength of concrete. 
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The durability factors and the air contents 
of the concrete are shown graphically in figure 
4. To insure satisfactory resistance of the 
concrete to the alternate freezing and thawing 
in the type of freezing test used, the durability 


factor should be 50 or greater. 
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It should be pointed out here that it was 
very difficult to obtain a uniform air content 


Of the 18 concretes 
entrained only 2 had durability factors of less 


were all less than 20. All the concretes 
without air made with cement A had dura- 
bility factors of 8 or less. 

than 60. The two concretes contained port- 
land cement A and high carbon fly ashes: one 
concretes made with cement B had durability 
factors in excess of 80. For air-entrained 
concrete containing cement A with fly ash 


substitutions there appears to be a general 
relation between air content and the durability 


factor, the higher air content being associated 
with greater durability. This relation w 


apparent for cement B. 
because concretes with the high carbon fly 


with 3344 percent of fly ash X, and the other, 
ashes required such large amounts of the air- 
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concrete in all cases was raised above 3 percent 
by the use of excessive quantities of the air- 
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respectively. 

The durability factors for all air-entrained 
concretes made with cement B were 84 or 


s X and Y, the air 


y factor of 25. 
contents were 5.0 and 5.8 percent and the 


even though the concrete with 16 


percent had a durability factor of 40; concrete 
containing fly ash Y with 3.1 percent of en- 


entraining admixture, the concrete containing 
fly ash X used as a replacement for 33% per- 
cent of cement A with an air content of 4.0 
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$See tentative method of test for Resistance of concrete 


specimens to slow freezing and thawing in water or brine, 
ASTM Designation O 292-52T. ASTM Standards 1955, 


part 3, 
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Figure 3 (Right).—Effect of fly ash on 
resistance of concrete to freezing and 
thawing. 


The air-entrained concrete containing ce- 
ment A without fly ash had a durability factor 
of 82, whereas the mix containing cement B 
had a factor of 91. These high factors indicate 
very little difference in durability between the 
two cements and offer no explanation as to 
why they act differently in concrete when fly 
ash is substituted for part of the cement. 

Volume change.—The volume change data 
for all concretes are shown graphically in 
figure 5. The values plotted in the diagrams 
were actual test values. These curves show 
that there is very little difference in the volume 
change characteristics of the concrete made 
without fly ash substitutions and those con- 
taining various percentages of fly ash. Also, 
those containing the higher percentages of fly 
ash had less shrinkage in general than those 
with the smaller percentages of fly ash. 

Resistance to scaling.—Calcium chloride, 
frequently used for thawing ice on concrete 
pavements, has been found to be very injurious 
to non-air-entrained concrete. Air-entrained 
concrete usually offers good resistance to 
attack from chloride salts. 

Table 5 shows periodic visual ratings of ex- 
posure slabs at 12, 17, 39, 51, and 80 cycles. 

4 Resistance of concrete surfaces to scaling action of ice-removal 
agents, by Albert G. Timms, Highway Research Board Bul- 
letin 128, 1956, pp. 20-50; also Factors affecting resistance of 
portland cement concrete to scaiing action of thawing agents, by 


same author, PURLIC ROADS, vol. 28, No. 7, Apr. 1955, pp. 
143-157, 


Figure 4 (Below).—Effect of fly ash on du- 
rability of concrete. 
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Table 4.—Relative compressive and flexural strengths of concrete containing fly ash 


Fly ash 


JCement Type of concrete replace- 


Range 


Pee 
94-78 
79-53 
88-72 
78-48 


84-69 
73-46 
90-74 
74-48 





7 days 


Average 


Relative compressive strengths at— 


Relative flexural strengths at— 





28 days 


Range Average Range Average Range 


28 days | 1 year 





Average Range Average Range Average 





CLs 
105-88 
105-74 
98-84 
97-64 


95-75 
84-50 
97-80 
82-52 


Pet. 
115-104 
111-86 101 
110-100 104 
111-81 99 


117-103 111 
121-88 102 
120-104 112 
119-86 102 


Pek. 
108 

















Table 5.—Visual ratings of surface scaling of concrete slabs ! 
exposed to action of calcium chloride 


Fly ash 


Identifi- | Amount 
eation jofreplace- 
ment 


12 cycles 


17 cycles 


Rating after exposure to outdoor freezing and. 


thawing with CaCle for— 


39 cycles | 51 cycles | 80 cycles 


PORTLAND CEMENT A: NON-AIR-ENTRAINED CONCRETE 


Percent | Percent 


None 
A 


PORTLAND CEMENT A: AIR-ENTRAINED CONCRETE 





PORTLAND CEMENT B: NON-AIR-ENTRAINED CONCRETE 


PORTLAND CEMENT B: AIR-ENTRAINED CONCRETE 











1 Specimens were 4- by 16- by 24-inch slabs. 
2 Mix is same as used for freezing and thawing specimens except for air content. 


The numerical significance of the ratings is as 
follows: 


0—No scaling. 

1—Very light spotted scale. 

2—Spotted scale. 

3—Light scale over about one-half 
the surface. 

4—Light scale over most of surface. 

5—Light scale over most of surface, 
few moderately deep spots. 

6—Moderately deep scale spotted. 

7—Moderately deep scale over one- 
half the surface. 

8—Moderately deep scale over entire 
surface. 

9—Deep scale spotted, 
moderate scale. 

10—Deep scale over entire surface. 


otherwise 


The concretes without air-entrainment and 
without fly ash had very poor resistance to 


PUBLIC ROADS e Vol. 29, No. 6 


attack by the chloride salt. None of the fly 
ashes used as replacements for part of the ce-, 
ment were effectual in improving the resistance 
of non-air-entrained concrete to attack by 
calcium chloride. 

Entrained air greatly increased the resist- 
ance of the concrete without fly ash. In air- 
entrained concrete all the fly ash replacements 
for cement were detrimental to the resistance 
to scaling of the concrete, as indicated by the 
ratings of 3 to 8 at 39 cycles as compared with 
2 for the concretes without fly ash. The extent 
of attack by calcium chloride did not appear 
to differ much with the brand of cement or 
with the fly ash used as a replacement. 

It would appear from these data that if there 
is a possibility that calcium chloride might be 
used for ice removal, the use of fly ash as a 
substitute for portland cement in the concrete 
in the percentage used in this investigation is 
questionable. 


Pet. Pet. 
93 121-105 
90 130-106 
93 115-102 
86 125-102 


Pct 
110 
118 
108 
113 


112 
119 
113 
113 


92 122-107 
87 129-110 
96 117-110 
90 120-104 
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‘Labor Usage in Highway Construction 
as Iniluenced by Improved Equipment 


BY THE CONSTRUCTION BRANCH 
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BUREAU OF PUBLIC ROADS 


ABOR USAGE DATA collected by the 
Bureau of Public Roads since 1944 
indicate a pronounced decrease in the number 
of man-hours of direct labor required for a 


‘given physical volume of highway construc- 
| tion. 


Direct labor is defined as labor em- 
ployed by the contractor at or near the site 
of the project. Indirect labor is that em- 
ployed in the off-site production, manufacture 
or shipment of materials, supplies or equip- 
ment used, and labor induced by the re- 


| spending of wages earned on the project. 


The decrease in man-hour usage, which is 


25 


1944 1946 1948 1950 
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1952 
Figure 1.—Man-hours of labor required per million dollars of highway construction expenditures, adjusted to 1954 bid price level and 
excluding right-of-way and engineering costs. 


Reported by EDWIN J. COPPAGE, JR., Chief, 


illustrated in figures 1 and 2, is basically due 
to increased productivity of the labor-equip- 
ment combination resulting from great strides 
that have been made by manufacturers in 
developing more efficient construction equip- 
ment. 

The curve in figure 1 shows the trend of 
man-hour usage per million dollars of con- 
struction cost from 1944 to 1955 and pro- 
jected to 1970. The data for the plotted 
points are based on labor usage and contract 
costs reported by contractors for Federal-aid 
highway construction projects. The pro- 


ACTUAL MAN-HOURS PER MILLION 
DOLLARS CONSTRUCTION COST 


ESTIMATED MAN-HOURS PER 
MILLION DOLLARS CONSTRUCTION COST 





1954 1956 1958 1960 


Construction Management Section, and 
EDWIN L. STERN, Supervising 
Highway Engineer 


jected trend for the years 1955-70 was made 
by deriving an empirical formula for a smooth 
curve to fit the plotted points from 1944 to 
1954. From a value of approximately 217,700 
man-hours per million dollars construction 
cost in 1944, the factor had decreased 43 
percent to about 123,000 in 1955. The pro- 
jected curve indicates values of 104,000 for 
1960 and 80,000 for 1970. 

Since a million dollars purchased a different 
physical volume of work each year, due to 
varying price levels, the factors have been 
adjusted by means of the Bureau of Public 





1962 1964 1966 1968 19790 
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Table 1.—Comparison between physical yol- 
ume of all highway construction and 
highway construction labor usage 

Physical volume Labor usage 


Index, 
1944=100 


Construc- 
tion ex- 
penditures ! 


Man-hours 


Billions 
$C. 448 
. 459 

. 986 

1. 590 


1, 823 
2. 062 


Millions 
97.6 


1945 
1946 
1947 


1948 
1949 
1950 
1951 





1952 
1953 
1954 
1955 











1 Construction expenditures, adjusted to 1954 bid price 
level, exclude costs of right-of-way and engineering. 


Roads highway construction price index to show 
for each year, the man-hours required to pro- 
duce a physical volume of construction equiy- 
alent to that which could be purchased for a 
million dollars in 1954. 

The practical application of the labor usage 
factors is found in estimating manpower 
requirements for various size highway con- 
struction programs and in evaluating changes 
in productivity and the effect of such changes 
on highway construction prices. 


Factors Affecting Future Labor 
Requirements 


The curve in figure 1 is plotted to follow 
the more significant known points, the trend 
of which is projected to represent future 
potentials. The actual factors, subsequent 
to 1955, may differ appreciably from the 
projected curve if there are changes in the 
trends of labor and equipment availability, 
in the trend of equipment improvement, and 
in the trend of wage rates. For example, 
in case of a scarcity of labor, it would be the 
tendency of contractors to increase their 
usage of labor-saving equipment, thus lowering 
the man-hour factor. If the trend in equip- 
ment improvement becomes more pronounced, 
a reduced labor factor will result. A pro- 
nounced increase in the wage-rate trend could 
have the effect of causing contractors to 
increase their usage of improved equipment, 
thereby lowering the man-hour usage factor. 
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A decrease in the wage-rate trend could have 
the opposite effect. 

The annual labor usage factors shown in 
figure 1 have been used in deriving the esti- 
mated labor requirements for all highway 
construction during the 13-year period, 1957— 
69. To bring all highway systems up to ade- 
quacy, as determined by the nationwide 
highway needs study published in 1955, 8.2 
billion man-hours of labor would be required 
during the 13-year period, or an average an- 
nual labor force of about 396,000 workers, as- 
suming 1,600 man-hours per year per worker. 


Increased Productivity, 1944-55 


Figure 2 and table 1 show the relation, each 
year, from 1944 through 1955, between the 


900 


800 














physical volume of all highway construction 
performed and the number of man-hours of 
labor used. These data indicate that the 
construction volume in 1955 was nearly nine 
times that for 1944, while labor usage in 1955_ 
was five times that for 1944. The divergence 
between the two curves in figure 2 is indicative — 
of increased productivity of the labor-equip- 
ment combination. ; 
The 43-percent reduction in labor usage 
factors since 1944 is equivalent to a similar 
reduction in contractors’ labor costs. During 
the period 1944-55, construction bid prices 
increased about 35 percent. Had there been 
no reduction in labor usage factors, the bid 
price increase during this period would have 
been approximately 61 percent. | 
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Figure 2.—Comparison between physical volume (excluding 
{, right-of-way and engineering costs) of all highway construc- 
tion and highway construction labor usage. 
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